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ON THE SPECTRUM OF a AQUILAE AND ITS 
VELOCITY IN THE LINE OF SIGHT.^ 

By H. C. VoGEL. 
I. 

In No. 2924 of Astronomische Nachrichten (July 1889), Pro- 
fessor Scheiner called attention to the peculiarity of the spectrum 
(of type I) of a Aquilae — that very faint and somewhat diffuse 
bands can be detected, in addition to the broad hydrogen lines. 
He was later able to show that these bands agree in position 
with groups of lines in spectra of the second type. He suggests' 
two explanations, along different lines, for the peculiarity of the 
spectrum. ** For one, we may imagine that in consequence of 
decided cooling and condensation the constitution of the star has 
already reached considerable similarity with that of the Sun, and 
in such a manner that a few of the specially prominent metallic 
lines have not gradually appeared, but that the absorbing atmos- 
phere is also similar in composition to the Sun. It would also have 
a powerful hydrogen atmosphere containing great quantities of 
magnesium vapor, a Aquilae would thus furnish an excellent 
proof of the gradual transition from the first to the second 

* Translated from the SUzungsberichte of the Berlin Academy, session of the 
physical-mathematical section on November 17, 1898. 

* Publicaiionen des Astroph, Obs, zu Potsdam^ Bd. VIII, II, p. 232, 1895. 



2 H, C. VOGEL 

spectral class, and thereby a strong support would be given for 
the physical meaning of the scheme of stellar classification." 

••Another explanation of the spectrum of a Aquilae would be 
that it consists of two components, a spectrum of the second 
class being optically superposed upon one of the first class. 
Such an explanation could hardly have been assumed a few 
years ago, but today, with several very close binary systems 
already known, there is no objection to regarding a Aquilae as a 
double star with one component of the first class and the other 
of the second spectral class." 

The view was also expressed by another, early in the nineties, 
that the spectrum of a Aquilae was to be regarded as the super- 
position of the spectra of two stars. 

The Potsdam observations of the motions of stars in the line 
of sight could not furnish a support to the hypothesis of a binary 
nature of the star, as only three spectrograms of a Aquilae had 
been taken; which agreed well in the displacement. 

During the years 1892 to 1895, ^^* Deslandres made obser- 
\*ations in this direction and published them in Compus Rendus^ 
I2iy 629, 1S95. Fron^ the very considerable variations in the 
\'alues obtained for the velocity in the line of sight, in which no 
simple and regular period could be recognized. Deslandres 
reaches the conclusion that the star must be triple. 

In looking over Deslandres' series of observations I was at 
first reminded of the early Greenwich obser\-ations of motions in 
the line of sight, and on a more thorough examination I was 
convinced that nothing could t)e deduced from them beyond a 
verv considerable unccrtaintv of the observations themselves, 
probably caused by insufficient stabilitv of the apparatus, and 
possibly also by the differences in setting on the broad and 
diffuse hydrogen lines in measuring spectrograms obtained on 
different dates, as would be exjx^cted from the difficult nature 
of the measurements of this object. 

As I could not see any reason which compelled the accep- 
tance of the variations as real and as indicaiiniT chances in the 
nd:al ve'.vviiy. i: seemed to me that a rej^etition of the observa- 
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tions would not be without interest. I therefore had a large 
number of spectrograms of the star taken with the large spectro 
graph previously used for motions in the line of sight. 

Thus twenty-nine spectrograms are at my disposal, obtained 
in 1896 by Dr. Clemens, and in 1897 t)y Dr. Hartmann. The 
faint bands in the spectrum mentioned above are very distinctly 
shown on many of the spectrograms, which on the average were 
quite successful. On some of the especially good photographs 
the bands give the impression that they might be resolved into 
lines, but the coarseness of the silver grains prevented this when 
higher magnifying power was employed. 

It seems to me that faint, diffuse bands in a star of the first 
class deserve special attention, for in spectra of this type only 
lines of great delicacy and almost without exception of extreme 
sharpness can be recognized in addition to the broad and more 
or less diffuse hydrogen lines. Professor Scheiner's observation 
that these bands can be almost certainly identified with groups 
of lines of the spectrum of the second type, is of great impor- 
tance. The hypotheses above mentioned require, however, an 
extension, for they do not explain why the groups of lines should 
appear as diffuse bands. A star spectrum of type II can never 
come to resemble the band spectrum of a Aquilae by mere faint- 
ness of its light, since the groups of lines would not appear like 
bands in a very faint star, but only certain of the individual 
stronger lines would come out while the faint groups of lines 
would almost entirely disappear. There must, therefore, be 
some special conditions in this spectrum, and I have tried to 
reproduce experimentally the appearance of the spectrum of 
a Aquilae. If the lines in the solar spectrum are broadened by 
a doubly refracting prism, or if all the lines of the spectrum are 
doubled by further rotation of the prism, it is striking how 
strongly the individual groups of lines appear. By using a 
cylindric lens to produce a slight broadening of all the lines of 
the solar spectrum we can succeed still better in producing a 
spectrum similar to that of a Aquilae. A similar result may also 
be reached simply by imperfect focusing. Then there appear 
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not only i^zii^ diffuse bands no longer reso*.\-abIe into lines, but 
there also develoi^ maxima oi intercity in these, on account of 
the partial su:>erTX><:t:on or the brc»acened lines mhich, when thev 
mer^e with the stronger lines of a croup, produce a displace- 
ment of the niaximun: of intensitv oi the croup, and thereby a 

We £nallv succeeded in rroducinc with the larce si^ectro- 
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terization of the spectra of class \a 3, which contain a large 
number of metallic lines beside the broad and strongly domi- 
nant hydrogen lines, but in which, however, in contrast to 
spectra of class \\a^ the group G is only faintly developed. 

In this I find support for the view that in this case the super- 
position of a spectrum of class \a on one of class \\a is not 
to be assumed. Aside from details, however, the similarity is 
so great between the solar spectrum produced with imperfect 
focusing and that of a Aquilae that I do not care to doubt that 
the cause of the diffuse bands in the spectrum of a Aquilae is 
to be sought in the running together of close lines caused by a 
broadening of the individual lines. 

How this broadening is produced is a second question, and 
more difficult of solution. 

Scheiner's first hypothesis should be so extended as to state 
that the conditions of temperature and pressure in the atmos- 
phere of a star which produce a marked broadening of the 
hydrogen lines, as shown by most stars of class \a^, also cause 
a broadening of the lines of other metals. The spectrum of 
a Aquilae would nevertheless remain very isolated (according 
to Scheiner /8 and S Leonis and /8 Cassiopeiae exhibit a spec- 
trum similar to that of a Aquilae") ; for, as already said, except- 
ing the hydrogen lines, most of the metallic lines are very sharp 
in almost all spectra of stars of class \a. 

The second hypothesis that the spectrum of a Aquilae is of 
type \a, on which that of a companion of type \\a is super- 
posed, can hardly be extended by the assumption that this sec- 
ond spectrum possesses broadened lines as a result of peculiar 

' I refer here to my newly revised classiBcation of stars of the first spectral class. 
Sitzungsberichte 1895, p. 947 ; this Journal, 2, 333-349, 1895. 

'Z^f. «■/., pp. 231 and 233. I confirm the similarity between the spectra of /3 
and 9 Leonis obtained here and that of a Aquilae. But few bands can be perceived, 
which are still fainter than in a Aquilae. In our two spectrograms of /3 Cassiopeiae, 
however, very numerous narrower bands can be perceived which give the impression 
of lines. They are all striking in being diffuse on both sides, but are distinctly sepa- 
rated from each other. With low dispersion the spectrum shows sharp, rather wide 
lines, and since the hydrogen lines are also quite sharp, the spectrum is similar to that 
of a Cygni. 
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conditions of pressure and temperature, since no such a spec- 
trum of type II has yet been observed, and there is no ground 
for the assumption of unusual conditions of the atmosphere of 
this companion star. 

I would now point out the possibility of explaining the 
breadth of the lines in this case as a consequence of the rota- 
tion of the star. If we suppose that the axis of rotation does 
not lie exactly in the line of sight or make a very acute angle 
with it, those rays which proceed from the approaching limb 
of the star will suffer a displacement in the spectrum toward 
the violet, and those from the opposite limb toward the red. 
A spectral line will therefore appear broadened by an amount 
corresponding to the displacement of the lines due to the 
relative velocity of the two limbs, if the light from all parts 
of the visible surface of the star simultaneously enters the slit 
of the spectroscope. The lines will appear diffuse, since so 
much the less light from the portions of the surface will reach 
us the more the component of the motion of these portions in 
the line of sight nears its maximum. 

Abney was the first, in 1877, to call attention to the effect 
of the rotation of a celestial object upon its spectrum. He 
sought to explain thus the broadening of the hydrogen lines in 
the spectra of type \a, and, indeed, to deduce from the amount 
of the broadening an average period of rotation of these stars. 
I then pointed out * that this reasoning, entirely correct in theory, 
is not permissible in explaining the broad hydrogen lines in the 
spectra of the first type, because, firstly, the intensity-curve of 
the broadened lines in the star spectra in no wise agrees with 
the calculated curve for lines broadened by rotation ; and, fur- 
ther, because in order to obtain a broadening corresponding to 
that of the hydrogen lines in the spectra mentioned (expressed 
in wave-lengths this amounts to from O.^fifi to i.o /Li/Li), we 
should reach the highly improbable velocities of from 170 km 
to 335km for a point on the star's equator. Finally I called 
attention to the fact that this broadening by rotation must affect 

«AiV:, 90, 71-75, 1877. 
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all the lines in the spectrum, and that sharp, fine lines cannot be 
present along with the broad hydrogen lines — as they actually 
are shown in class \a — if the explanation is permissible. 

According to the observations of that time I was entirely 
correct when I wrote in 1877: **The question whether there are 
stellar spectra in which all the lines are broad and diffuse is to 
be answered decidedly in the negative/' With the increased 
perfection of optical apparatus and with the development of the 
application of photography, valuable beyond all expectation, 
our point of view has shifted, and for the above considerations 
I should like to cancel the above statement as applied to a 
Aquilae. Thus a field is opened for the explanation of the 
broadening of lines by rotation, and I consider it quite probable 
that it applies for the stars a Aquilae, /8 and S Leonis, and per- 
haps also for /8 Cassiopeiae. 

In the case of a Aquilae, I find further support for this view, 
because, as I shall show later on, a periodic motion of the star 
cannot be deduced from the recent observations, such as could 
occur if a companion existed of a mass not too small relatively 
to the principal star. 

Summarizing, I would express the following view as to the 
spectrum of a Aquilae : The spectrum belongs to class \a 3 ; the 
hydrogen lines are much broadened as a result of the conditions 
of temperature and pressure in the star's atmosphere, and they 
are rendered a little more diffuse by the star's rotation. In 
addition to the hydrogen lines, numerous metallic lines are pres- 
ent, and the composition of the atmosphere of the star approaches 
that of stars of the second spectral class. All of the lines are, 
however, broadened in consequence of a strong rotation, so that 
close lines form separate diffuse bands, while the stronger, iso- 
lated lines appear diffuse. 

In order to give an idea of the magnitude of the velocity of 
rotation requisite to produce said effect of the running together 
of close lines into bands, I present the following considerations. 

In regions of the solar spectrum where lines are numerous, 
the difference in wave-length of the individual lines averages 
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about 0.04 /Lt/Li. On the supposition that the lines are at a uni- 
form distance apart, a velocity of rotation of 13.5 km would 
suffice to broaden the lines so that they would theoretically touch 
each other. In consequence of the extremely slight intensity of 
the lines at their edges, they would still appear separated, but 
with twice that value of the velocity of rotation, an actual 
merging of the lines would be expected, with the assumed dis- 
tances as above. 

If we admit the possibility of a motion of rotation of that 
amount, we are forced to meet the question why only three or 
four stars have thus far been observed with spectra of such char- 
acter as to lead us to infer a rapid rotation. It should be first 
pointed out that observations for deciding this matter are possi- 
ble only under very high dispersion ; so that at present only fifty of 
the brightest stars which were observed at Potsdam can come into 
question. It is also to be remembered that the further condition 
enters, as in the case of close double stars which can only be 
recognized as such by the aid of the spectroscope, that in the 
one the orbital plane, and in the other the equator, must make 
a very acute angle with the line of sight. 

I turn from these considerations, which it seems to me ought 
to heighten interest in a Aquilae, to the determinations of the 
star's radial velocity made here in the last two years. 

II. 

To the following list of the observations of the velocity of 
a Aquilae in the line of sight, recently made at Potsdam, I have 
only to add that the displacement of the H^ line in the star spec- 
trum from the corresponding hydrogen line of the comparison 
spectrum on the photographic plate is expressed in revolutions of 
the micrometer screw of the measuring apparatus already known 
from our earlier observations (1^^^-0.25 mm). They are the 
mean of at least four measures. The measurements were carried 
out by the method described by me in Part I of the seventh vol- 
ume of the Publications of the Astrophysical Observatory and 
made clear by figures. 
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Date of plate 



1896 
August 5 



II 

27 
September 16 

27 

28 

29 



October 9 

10 

12 

22 
24 

November 4 



5 
6 

9 

10 

12 
13 



Displacement in revolutions 



V. r. 



17 



26 
December 3 

1897 
November 9 
10 
II 

13 
20 



December 15 



— 0.092 

— 0.1 16 

— 0.106 

— O.IIO 

— 0.075 

— 0.047 

— 0.064 

— 0.028 

— 0.050 

— 0.068 

— 0.049 

— 0.053 

— 0.039 

— 0.033 



— 0.025 

— 0.024 

— 0.030 

— 0.030 

— 0.015 

— 0.044 

— 0.081 

— 0.027 

— 0.053 

— 0.045 

— 0.062 

— 0.068 

— 0.051 

— 0.062 

— 0.048 

— 0.047 

— 0.018 

— 0.037 

— 0.028 



— 0.066 

— 0.054 

— 0.048 

— 0.041 

— 0.042 

— 0.035 

— 0.055 

— 0.078 



V. 1. 



^ 



0.II6 

O.III 

O.II3 

0.063 
0.041 

0.043 

0.037 

0.054 



O.OII 

0.026 

0.055 

0.038 

0.041 
0.056 

0.021 
0.046 



— 0.030 

— 0.035 

— 0.067 

— 0.042 

— 0.048 
+ 6.015 



— 0.057 



— 0.051 

— 0.061 

— 0.067 

— 0.014 

— 0.023 

— 0.020 

— 0.023 

— 0.040 

— 0.025 



0.086 
0.109 



Remarks 



! 



H'i weak, very diffuse. Measure not 

easy. 
Very good plate. Measure very sure. 

Plate strong and good. Measure very 
sure. 

Verj' sure measure. 

Strongly exposed, but very suitable for 
measuring. 

Spectrum broad, less suitable for meas- 
uring. Plate otherwise very pretty. 

//y weak and broad. Pointing diffi- 
cult. 

Good plate, strongly exposed. Meas- 
ure sure. 



Good, somewhat faint. H^ broad, but 
allows of sure measures, with a broad 
covering strip. 

Very good plate. H'>( very broad. 

Strong. Good plate. 

Very good plate. 

Weak plate. -^7 somewhat broad. 

Weight %, 
Strong and very good plate. 



Very good for measurement. 
Very good for measurement, 
Plate weak. Setting on H^ difficult. 

Weight Yz. 
Plate strong, good. Measure very sure. 

Somewhat weak, but good to measure. 

Very good plate, linear. Comparison 
line sharp and strong. The different 
pointing in the second position of 
the plate is surprising. 
Good plate. Very sure setting on H'i. 
The comparison H'i seems double, 
a proof of a slight displacement of 
the spectrum during the exposure. 

Excellent plate. The artificial Hy 
gives the impression of being double. 

Hy broad in star, setting not easy. 
Comparison line double. 

Spectrum broad. Measure very good. 
Plate and measure fairly good. 
Very good plate. Comparison Hy 
somewhat weak and diffuse 



Comparison line very weak. The spec- 
trum should be somewhat stronger. 
Measure nevertheless quite sure. 

Spectrum very weak. Comparison line 
very faint. Fairly measurable under 
cloudy sky. Weight Yz. 
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« 

The foregoing table contains the velocity of the star relative 
to the Earth, obtained from the above mean values of the dis- 
placement with the value of the velocity corresponding to one 
revolution of the screw given on p. 33 of the seventh volume of 
Potsdam Publications, viz., g= 30.18 geog. miles = 223.95 ^^"^• 
The velocity relative to the Sun is deduced with the aid of a 
table previously published {loc, cit,, p. 92). 

The velocity per second of a Aquilae relative to the Sun 
from the mean of the above observations is 

— 32.9 km it 0.3 (— 4.44 =b 0.04 geog. miles). 

There are no indications whatever of a periodic variation of 
this value. The probable error of the mean of series of meas- 
ures made on the same plate on two different days amounts to 
±1.6 km, whence follows dz 2.2 km as the probable error of the 
mean of a series of measures made on one plate on a single day. 
This value is somewhat smaller than it was on the average in the 
earlier observations made with the same method of measure- 
ment. This may be due to the fact that the spectrum plates of 
a Aquilae are on the average very good and that the measures 
were executed with very special care. 

The probable error of the mean of a series of measures on 
one plate would be still somewhat less if we had taken into 
account the personal error in setting the micrometer thread on 
the strip which covered the H^ line in the star. In my case 
this error is slight, as was shown in the earlier researches {loc, 
cit, p. 109). With a cover strip 0.114 mm wide the correction 
amounted to +0.0009 "^™- A difference of about 0.0018 mm 
would be expected between the series of measures with v. r. 
and V. 1., since the strip most used for covering in the case of a 
Aquilae was of similar width (0.120 mm), and the values with 
v. r., taken absolutely, should be greater than those with v. 1. 
A difference in this sense is, in fact, found, amounting in the 
mean to 0.005 revolutions, or 0.0013 mm. 

The observations of the radial velocity of a Aquilae made 
here in 1888 gave — 4.97 geog. miles as the mean of the meas- 
ures by myself and Scheiner. An unusual difference of 0.77 
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geog. miles appears between Scheiner's measures and my own, 
which agreed well among themselves, a Aquilae is one of the 
eight stars of the forty-seven observed by Professor Scheiner and 
myself for which the results differed by more than three-fourths 
of a mile. As my earlier measures differ also from the new ones 
just given, and as conclusions might possibly be drawn therefrom 
of a change in the star's velocity, I have remeasured the old plate, 
but I did not succeed in getting exactly the same mode of point- 
ing {Anffasstmg) as before. The new measures gave : 



x888 


V. r. 


v.l. 








September 27, 


—0.042' 


—0.047' 


Plate strong, good to measure. 


October 31, 


—0.036 


—0.036 


Spectrum made unusually broad. 


November 5, 


—0.048 


—0.041 


Measure not easy. 


From these we get the followin 


g results : 


x888 


Displacement 


Velocity rel. to Earth 


Red. to 


Velocity rel. to O 


September 27 
October 31 
November 5 


— 0.045' 

— 0.036 

— 0.045 


— 1-36 g 

— 1.09 

— 1.36 


.m. 


3.17 g.m. 

3.45 
— 3.39 


4.53 g-m. 
4.54 
— 4.73 



The resulting mean value of the velocity per second relative 
to the Sun is — 4.60 geographical miles, a value in good 
agreement with Scheiner's determination ( — 4.58 g. m.) and 
also with my more recent observations. There is no reason for 
regarding the earlier measures of the 1888 plates as inferior to 
these recent measures of them, since differences in the mode of 
pointing upon the H^ line may very easily occur for the same 
observer at different times, and hence the mean result of the 
three series of measures is to be taken for the observations in 
1888, namely, — 4.86 it 0.09 geographical miles or —36.1 ±0.7 
kilometers. 

I now give the observations of M. Deslandres as they 
appeared in Comptes Rendus^ Tome CXXI. 

In a note on p. 630 M. Deslandres remarks that the maximum 
error of an observation with weight 5 is to be taken as 3 km. 
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He does not indicate how he arrived at the determination of the 
weights, and all data are also lacking by which a somewhat 
closer examination of the observations could be made. The 
measurements are referred to hydrogen lines H^ and Hh ; and 
in some cases iron or calcium was used for the comparison 
spectrum. It is not stated whether the latter proved to be of 
advantage. I should doubt it, however, because the lines in the 
spectrum of a Aquilae are so diffuse, as we have often said, that 
between //)8 and Hh no lines except those of hydrogen and the 
Mg line at X4481 can be identified with known lines. 

OBSERVATIONS OF THE RADIAL VELOCITY OF a AQUILAE BY M. 
DESLANDRES. VELOCITY TOWARD THE SUN IN KILOM- 
ETERS PER SECOND. 



Date 


Velocity 


Weight 


Date 


Velocity 


Weight 


1892 








1895 






July 


8 


— 23.3 


2 


1 July 12 


25.3 


5 


August 


6 


— 12.4 


3 


16 


— 37.4 


5 




12 


— 32.6 


4 


17 


35.0 


5 




13 


— 25.6 


4 


23 


— 17.6 


5 




31 


— 18.5 


3 


25 


+ II.4 


5 


September 


12 


II.8 


I 


1 August 9 


— 21.4 


5 




19 


-38.4 


3 


13 


— 12.2 


5 


October 


3 


— 18.5 


2 


14 


I3.I 


4 


1893 








16 


— 1.9 


5 


July 


6 


19.3 


4 


17 


— 22.9 


4 




7 


— 15.6 


5 


19 


— 28.2 


5 




19 


— 18.0 


5 


20 


— 28.6 


5 


1894 








21 


— 19.8 


5 


August 


II 


— 36.5 


I 


22 


— 29.0 


5 


October 


17 


28.4 


3 


24 


— 28.5 


5 


1895 








26 


-33.8 


5 


May 


28 


+ 10.9 


4 


28 


— 24.2 


5 




30 


II-3 


5 


29 


35-1 


5 


June 


8 


14.9 


5 


30 


18.4 


5 




II 


14.9 


4 


31 


- 6.3 


5 




15 


— 9.8 


5 


September 2 


— 29.0 


2 




17 


13-4 


3 


4 


— 20.1 


4 




22 


— 16.1 


3 


6 


30.5 


5 




24 


— 8.2 


5 1 


9 


— 24.0 


5 




25 


3.0 


5 


16 


- 33.8 


5 




26 


- 4.6 


5 


20 


— 13.5 


5 


July 


3 


— II.O 


I 


23 


— 10.7 


5 




8 


— 12,7 


5 


24 


— 27.8 


5 




9 


— 18.1 


4 


25 


— 7.2 


4 




10 


— 27.8 


^ i 


1 
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The weighted mean of the 56 observations gives —18.9km 
as the velocity of a Aquilae relative to the Sun. The probable 
error of the mean is ±1.0 km, and that of the single day's 
determination with weight 5 is ±7.0 km. 

M. Deslandres is evidently in error as to the accuracy of his 
observations, which explains his attempt to regard the large 
differences among the observations as periodic variations. The 
three largest values of the velocity were obtained on July 16, 
17, and August 29, 1895, ^^^ probably gave the basis for the 
assumption of a principal period of 43 days. An equally large 
velocity would be expected in the early part of June if the 
period were uniform, but it is not found. The case is the same 
with the minimum values falling in the intervals. On June 25, 
therefore, half a period back, such a minimum is to be found, 
but a second one (+11 km) was observed on July 25 instead 
of the first days of August. The value on August 9, —21.4 km, 
is close to the mean of all the observations, and a third mini- 
mum is not present on September 19. The fact that two days 
after the maximum of —35 km, on August 29 the velocity fell 
to —6 km, to rise again to —29km on September 2; that the 
observations of July 23 and 25 differ by 29 km, and those of 
August 16 and 17 by 21 km ; and that the observations on 
three successive days (September 23, 24 and 25) make jumps 
of 17 and 21 km respectively, ought to have led M. Deslandres 
to conclude that the accuracy of his observations was less than 
he had presumed, possibly deduced from the inner accordance 
of the measures on the same plate. Instead of this he sought 
to bring the observations into agreement by the assumption of a 
second period of about five days, and finally, since this was not 
successful, he assumed that the amplitude and period are varia- 
ble and that a Aquilae is at least a triple star. 

I believe that my observations have sufficiently demonstrated 
the futility of the endeavor to derive a periodic variation of the 
component in the line of sight of the motion of a Aquilae. 



OBSERVATIONS OF THE LEONID METEORS, NOVEM- 
BER 10-16, 1898. 

ByGEORGE C. COMSTOCK. 

In observing the Leonid meteor shower of 1898 my attention 
was primarily directed to a determination of the relative density 
of those portions of the swarm traversed by the Earth, and for 
this purpose I have made an enumeration of the Leonids seen 
during alternate half hour intervals extending from midnight to 
daybreak of each clear night from November 10 to November 
16, inclusive. In this enumeration I was very materially assisted 
by Mr. E. F. Chandler, a graduate student of astronomy in the 
University of Wisconsin, whose observations are indicated below 
by the signature Ch., while my own are designated by the letter C. 

Each observer was careful not to include in the enumeration 
any meteors save those which clearly proceeded from the Sickle 
in Leo, but it is probable that a certain number of fainter meteors 
have been included in the counts which are not properly Leonids^ 
since in their case the appearance of the meteor furnishes no 
clue to its character. For the brighter meteors mistakes of 
identification should be very infrequent. The attention of the 
observers was confined to the constellation Leo and so much of 
the surrounding region as could be surveyed conveniently by a 
single observer, and this may be roughly estimated as that part 
of the sky between the altitudes 10° and 80^, and extending in 
azimuth 45^ on either side of the radiant. On a single occasion,, 
noted below, simultaneous observations were made by Mr. 
Chandler to the north and by myself to the south of the verti- 
cal circle passing through the radiant, and in this case the limits 
of azimuth were correspondingly extended. 

The several enumerations are contained in the following 
table, in which the beginning and end of each watch is expressed 
in mean solar time of the meridian 90^ west of Greenwich. The 
dates are given to tenths of a day. 
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B^a 




Watch 






Le-oniiis 


Ot^'r 


Remarks 


X 


B. 




ain^ 


Eod 


ia* 


Nov. 


lO.O I 


;c= I 


4' 


C= 


C. 


.\u fain: 






14 


35 > 


? 




4 


c. 


« >ne second mairniruie 






5 


3- ' 








% 


c. 


< ►ne sec-jC'i ii:j*:nitu<ic 






[0 


30 1 


. 





■* 


c. 


Mr-n :ntertVre> >I:»:ht'.y 


Nov. 


10.7 1 


' 4 


;o 1 


s 


c 


I 


C- 


>:r nc twilich: 




II. 5 1 


•% 


c 1 


■» 


30 


C 


Ch. 


SikV partly overcast 






• •* 


;c 1 
c 1 




c 


C 
I 


Ch. 


C'.-ui> disappear at 13- 50= 






U 


1 


u 


50 


I 


Cii. 








[ ? 


1 


\ X 


30 


"% 


C. 








to 


1 


to 


3^ 


4 


C. 


All meteors en this nicht are faint 


Nov. 


11.7 


' i 


] 


' f 


30 





C. 


save two of sec< ni magnitude 




12.5 


[2 





1 J» 





c 


Ch. 


Harv ani partly overcast 











[ 5 





I 


Ch. 


Cl^uis 


Nov. 


12.7 


[ 5 





' 9 


c 


I 


C- 


Clui* 




13.5 


r > 





I N 





c 


Ch. 


Oui* 




»3-7 


[ % 





' i 





c 


C 


C.uis 




U-5 


1 ^ 
[2 








3^ 
3<? 


IC 


C- 
Ch. 


.K"J : r:v:ht. Trx:I$ 











L > 


30 


I ; 


Ch. 








u 





u 


30 


21 


Ch. 













[ 5 


30 


2g 


C- 








10 





10 


3^ 


25 


C. 




Nov. 


14-7 


' 1 


5 


• « 




IQ 


C. 


.\ line clear nicht 




15.5 


l> 





r ^ 


30 


I 


C. 















3*3 


4 


C. 








u 

15 






[ ^ 


3*^ 

3"^ 


4 


c. 
c. 


Thnfe of third mai^nitude 






10 





10 


50 


■» 


c. 




Nov. 


15-7 


* < 





* f 




I 


C- 


tXub:t.iI Le-^nid 




10-5 


1 ^ 


40 


1 H 


;o 


1 


Ch. 


lVu-tr.:l Lev^nid 



On November 14 the observer notes: About one-half of 
the meteors are brighter than second magnitude and of a golden - 
vellow color, with short trails, Durin^r the last \^*atch of this 
night a fireball \\-as seen near the zenith, brighter than Jupiter 
and leaving a trail which lasted about a minute (estimated "i, 
drittinii with the wind, and becominvr convex in the direction of 
its motion. 

It apj^^ears from the numbers in the foregoing table that there 
is a well marked maximum ot mctcv^r frexjuencv on November 
14 at approximately .:i^ 50= Greenwich M. T.. the number at this 
time being nearly if not ijui:e 60 ;x^r hour. The width of the 
meteor stream and the rate at which the densitv fails oflF of either 
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side of the central line are to be derived, of course, from a com- 
bination of all of the observed data, but it appears probable from 
the above that there is an appreciable diminution in density 
within an hour's motion of the Earth on either side of the maxi- 
mum and that the total diameter of the denser central aggrega- 
tion does not exceed twelve hours of such motion. The 
observations of November lo suggest a feeble outlying stream 
to the west of the main body of meteorites but the evidence for 
this needs to be supplemented by other observations. 

As a subsidiary part of the observing programme I planned 
a determination of the radiant of the swarm as follows : If a 
long straightedge be brought between the eye and the heavens 
so as apparently to coincide with the path of a meteor, it will 
also pass through the radiant, and since, in the present case, the 
radiant is nearly surrounded by a ring of stars, the Sickle, if the 
points at which the straightedge crosses this ring be noted and 
transferred immediately to a chart, a straight line drawn through 
these points will pass through the position of the radiant upon 
the chart, and the intersections of several such lines will deter- 
mine this position. A gnomonic projection, with its pole near 
the radiant, is best adapted for such a chart, since all great cir- 
cles of the heavens are represented upon it by straight lines. If 
the meteor paths were plotted directly upon such a chart, con- 
siderable error might arise from the effect of distortion in the 
outer parts of the projection, and it was to avoid the effect of 
such distortion operating upon the unavoidable errors of observa- 
tion that it was determined to transfer the meteor paths to the 
radiant by means of the straightedge seen against the back- 
ground of the heavens. 

Since no such chart was available, I have constructed one by 
computing and plotting for all naked-eye stars near the radiant the 
polar coordinates, r, a\ of their projections from the center of 
the celestial sphere upon a plane tangent to it at the assumed 
position of the radiant, i. e,, the point whose coordinates for the 
epoch 1855 are 00=149.0**, 80^ + 23.0°, using the following 
formulae, in which a and h are the coordinates of the stars for 
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the same epoch. The prime radius from which a is reckoned is 
the great circle drawn from the point «-. l^. to the south pole, 
and the quantity r is expressed in radians : 

A =^a — a, r sin a ' i= tan A COS ^ sec « 5, — 6\ 

tan $ = tan ^ sec A r cos a* = ran ih--^\ 

In the hope that others mav use the plan here outlined, I 
give below the coordinates of all the stars in question which are 
brighter than the tifth magnitude : 



« 




yja^.r 


•5' 


ICi 


Q.264 


5 


^ ■* 


S-OQO 


?^ 


5>3 


S.SSS 


\\z 


4 


^754 


214 


20 


S.?\)5 


•^5 


^ 


ci.23:- 


2^0 


- 


5.N51 



« Lev^r.:s» - - - 

-J Leocbv - 

A Lcc~:s. - - - 

€ Lcv"^c:s* - - - 

From the plotted chart 1 scale, I mm ^ 5 • a number of copies 
were taken upon tracing pap^r. each copy showing only the 
positions of the star? without indication of the coordinates 
emploved. and a single copy was used for plotting a limited 
number v»f meteor paths, from three to eight, and was then 
re;? laced bv a fresh sheet in order that the plotting of subsc- 
quent obsen'ations might not be biased bv the previous record. 
The radiant detem:ined by the in:ersev:tx»ns on each sheet was 
subsev^uerrtlv transferred back to the original chart by pricking 
through the sheet, and the coordirates carerullv measured. 

From ten meteor iviths. c*bser\^d as above bv Mr. Chandler 
and mysel: on Nv^v ember 14 And 15. 1 find for the position of 
the radiant. R..\. -- X4~.^'. rVc, -- — «:.*'. and from eiirht 
raths ob;serw^ bv m\^se>: on November 14 and plotted bv eve 

C^><«^--. <a.«v v'.-.«*. ^ ».»«.v ..» ...C JL.v. v.. *-.v ^^^ <JL.4.M«C^^.>a.C« 1 UuIa I % 1 . «« , 
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diameter of about three degrees. The difference in the two 
determinations of the right ascension of the radiant given above 
I am inclined to regard as systematic and arising from the dif- 
ferent methods employed for prolonging the meteor paths to the 
radiant, but the amount of data is, of course, insufficient to fur- 
nish a definitive conclusion in this respect. 

Washburn Observatory, 
Madison, December 1898. 



PHOTOGRAPHIC OBSERVATIONS OF THE LEONIDS 

AT THE YALE OBSERVATORY. 

By \V . L . £ L K I N . 

The photographic apparatus at the Yale Obser\'atory, 
designed mainly for the purpose of attempting to secure records 
of meteor trails, was put up in 1894 with the aid of a grant 
from the J. Lawrence Smith fund of the National Academy of 
Sciences. It consists of a long polar axis driven by clockwork 
and arranged for carrying a number of cameras. At present it is 
equipped with six large cameras carr\-ing portrait lenses of from 
six to eight inches aperture and twenty-seven to thirt\'-six inches 
focus, — three of which are of Voightlaender make and were 
presented to the Observatory by Cyprian S. Brainerd, Esq., of 
New York, — and with two smaller cameras with four-inch lenses. 
With a further grant from this same fund this year a second 
station was put up distant about two miles from the Observatorj- 
in a northerly direction. The apparatus at this station was of 
a more simple nature : a wooden polar axis without clockwork, 
but furnished with a toothed wheel with 144 teeth in place of 
an hour circle. The stars were allowed to trail over the plates, 
but everv ten minutes the axis was ad\*anced one tooth, so that 
the same field as before would still be covered. The axis w*as 
furthermore placed out of adjustment with reference to the pole, 
so that the successive star trails fell alongside each other. 
Knowing the time when any meteor appeared it is easy to refer 
its trail to the position of the stars at that time. This instru- 
ment carried four cameras with similar portrait lenses of about 
five inches diameter, and was in charge of Dr. Chase with an 
aid. while at the Observatory- Mr. Brown, our secretary', Mr. 
Smith, photographic assistant, and myself were on duty : Mr. 
Lewis, of Ansonia, kindly aiding on one evening. 

Watch for the Leonids was kept on the nights of November 
12 to 16 inclusive. On November 12 it was clear from about 
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1 6 hours on and plates were exposed for about one hour in the 
Observatory instrument. Some fifteen Leonids were seen, but 
no trails secured. November 13 and also 16 were completely 
overcast at New Haven all night, but the 14th and 15th were 
clear throughout and the complete programme was carried out at 
both stations. Plates were exposed from 11** 15™ to about 17*" 
20™ each night, two in each of the Observatory cameras and 
three in each of those at the secondarv station — about twelve 
hours in all, therefore. On November 14 quite a display of 
Leonids occurred, 118 being noted by the Observatory party 
besides thirty-six meteors from other radiants, while on Novem- 
ber 15 only thirty Leonids were noted against forty-two others. 
Of all these, some twenty-four were possibly in the field of the 
cameras, and up to now we have found nine trails on the Observa- 
tory plates and seven on those of Dr. Chase's station, four 
meteors having been recorded at both places (Plate I).' 

The value of these photographic records can naturally only 
be estimated when the trails are fully measured and discussed ; 
an interesting by-product of the work came soon to light, how- 
ever, when, on examining the plates on November 21, Dr. Chase 
noticed a faint elongated object showing displacement on the 
four successive plates of one of the Observatory cameras, and 
proving to be a faint comet presumably first photographed here. 

« A ven- faint meteor trail on this plate was lost in the process of reproduction. 



THE NOVEMBER METEORS AT URBANA, ILLINOIS. 

By G. W. Mykrs. 

The coordinates of the University Observatory are as follows : 
radius of the Earth, r = 0.998675, the longitude, X= 5^ 52°" 54 
.59* W. of Greenwich, the latitude, <^ = + 40° 6' 20.6% and the 
altitude above the sea, A= 740 ft. 

It was the original purpose here to observe the Leonid 
meteors this year continuously from November 1 1 to November 
16, but the carrying out of this purpose was very seriously 
interfered with by cloudy weather. Systematic observations 
were, however, begun at 1 1 '.30 p.m. on the i ith, and continuous 
watch was kept upon the sky from 1 1 :oo p.m. to daybreak until 
the morning of the 15th. To ascertain with certainty whether 
the Earth had gotten entirely out of the swarm by the i6th, 
watch was kept from 1 1 : 00 p.m. on the 15th to 3 : 30 a.m. on 
the 1 6th. We feel, therefore, that we have about all the obser- 
vational material on the 1898 shower which could have been 
obtained visually, under the circumstances, in our locality. The 
sky remained perfectly clear and black on the night of Novem- 
ber iith-i2th; but on the I2th-I3th it was uniformly cloudy, 
with the exception of about an hour from 2 : 50 to 3 : 50 a.m. on 
the latter date. The dense cloudiness of the sky remained 
unbroken on the night of the 13th to the 14th. No first magni- 
tude stars could be seen at any time during the entire night. 
From 11:15 to 3:15 on the night of November I4th-I5th the 
sky was more or less overcast ; but, at the end of this interval, it 
began to clear up and within another half hour it was practically 
clear, and remained so till morning. On the following night, 
however, the sky was clear during the entire night, and the 
comparatively small number of meteors counted from 1 1 : 30 
until 3 : 30 A.M. convinced us we had gotten entirely through the 
swarm. While, therefore, it cannot be contended that we saw 
all that actually happened in the upper regions of those parts of 
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the atmosphere lying along the line of sight to the Leonid 
radiant, it is certainly true that fullv as much occurred as was 
seen and recorded, which is a virtue unfortunately not always 
attaching to astronomical observations made in these latter days. 
Three observers participated in the observational part of the 
work, Yiz., Assistants Brenke and Coffeen and the writer. The 
method of observing was substantially that suefiTcsted in the 
pamphlet issued by Har\-ard College Observator\- last autumn. 
One obser\*er gave his undivided attention, for ten to fifteen 
minutes, to a region of the sky within 25^ of the radiant point, 
as located by Denning, noting the color, magnitude, time of 
appearance of meteors, and whether the meteor was a Leonid or 
a "non-Leonid." Ehiring this time, while the other two were 
*' off duty." they crave their attention to the more careful study 
of indi\'idual meteors. One of the obser\*ers "off duty" then 
took his turn " on duty " and so on. diiring the entire night. 
Ehiring these leisure inter\*als 27 meteoric paths were drawn on 
charts, which had been preWously prepared, and these paths 
were afterwards transferred through tracing paper to a single 
sheet. A sheet made in this way from the obser\*ations of 
November 14-15. containing the above mentioned 27 paths, is 
reproduced in Fig. i. No great ^-aIue can be ascribed to it, the 
paths not being sufficiently numerous to warrant general conclu- 
sions, though those drawn seem to indicate prettv conclusively 
that the radiant is an area and not a point, and that the center 
about which the prolonged [>aths intersect is of lower declination 
than Denning gives it (— 22,g^ \. On the chart made by the 
writer and containing 10 carefully located paths, two points were 
quite clearly indicated from which meteors radiated more plenti- 
fully than from surrounding regions. These points are indicated 
on the accompanying chart by the symbol (-c>-). One of these 
points is in Long. 9- 50", Dec. ^ 20'=', and the other in Long. 
icP 14"^. Dec. — 25 . As a matter of course, no great confi- 
dence can be put in the indications of so small a number of 
recorded paths, and the writer mentions this feature only to 
suggest the idea to another, who may have been more fortunate 
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in the number of recorded trains than he was, that the Leonid 
radiant may be double. A chart of 12 paths made by one of the 
other two observers suggested this same peculiarity in a marked 




degree, though it was not apparent on the chart of the third 
observer. 

The observations made on the mornings of November 12 and 
November 15, which were practically all we obtained, are given 
in the six tables below. 

The time employed throughout is that of the 90th meridian 
W, of Greenwich. The correction of the clock used in these 
observations, which may be of service to some one in identifying 
some of the paths, was on the iith-i2th =; — 21', and on the 
I4th-i5th = — 22'. 
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TAHLE I. 



FRECJUENCY OF METEORS AT URBANA, NOVEMBER II-I2, I898. 
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The first column of Tables I and IV gives the intervals during 
which the observer, whose initial is in the second column, was 
**on duty." The third column contains the number of Leonids 
seen in this interval, the fourth the number of meteors from 
other sources, and the fifth the total number. The average 
hourly number of meteors counted during the entire interval of 
jh 2jm Qj^ ^j^g night of the i ith-i2th, is seen from Table I to be 
14. Considering the fact that the attention was directed to a 
rather limited region of the sky, and that we were then getting 
almost twice as many meteors hourly as under ordinary circum- 
stances, we may pretty safely infer that the Earth was then in 
the Leonid swarm. The average hourly number for the 14th- 
15th was 27, 81 per cent, of which were Leonids. Meteors were 
appearing at a maximum rate about 4 145 a.m. on the morning 
of the 15th, when not less than two per mmute were counted for 
about ten minutes. 

The last column of Table II shows the same sort of a double 
maximum as was observed by Professor W. H. Pickering on the 
night of the I3th-I4th last year (1897). The cloudy interval 
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from I : 1 5-2 : 1 5 on the 1 5th prevents us from deciding whether 
or not it is present in Table V, The rising percentage of 
Leonids toward daybreak on the 15th, as given in Table IV, 
would suggest that the maximum was probably passed during 
the day. 
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TABLE III. 
MAGNITUDE AND COLOR OF METEORS, NOVEMBER II-I2, 1 8' 
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From Tables III and VI it is impossible to pronounce with 
certainty whether, on the whole, Leonids are brighter, or fainter, 
than other meteors, since the average magnitude for November 
Iith-I2th is, for the Leonids, 4.0 ; for the non-Leonids, 3,2; 
while on the I4th-i5th it is, for the Leonids, 2.2, and for the 
non-Leonids, 2,6. In computing these averages, we have omit- 
ted the bright meteors in columns headed + S and + J (/. e., as 
bright as Sirius or brighter, and as bright as Jupiter or 
brighter), since the estimates of brightness for these meteors 
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TABLE IV. 
FREQUENCY OF METEORS AT URBAXA, ILL., XO\*EMBER I4-I5, I898. 
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* Signibes ** hazy,** fourth magnitiide stars being risible. 

* No meteors seen. Dense cloads. 

3 Signines the interval was generaUy cloudv, the ckxids being broken here and 



* Signines dawn had advanced so far that no stars coold be seen. 



T.ABLE V. 

METEORIC COUNTS GROUPED BV HOUR INTERV.ALS, NO\^MBER 
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Signitics that the interval was seriously interfered with bv cloods. 

was felt to be very uncertain. From the latter parts of Tables 
III and VI we find the percentage of yellow to white meteors to 
be for the Leonids. ^^ ; and for the non-Leonids, -^^ for the 
I2th-i3th; and on the I4th-I5th. for the Leonids, it is ^; for 
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the non-Leonids, \^. These figures seem to indicate that the 
percentage of white to yellow meteors is considerably greater 
for the Leonids than for the meteors from other radiants. It is, 
at least, markedly true on these two evenings and is more 
markedly so as the number of Leonids rises. 

TABLE VI. 

MAGNITUDE AND COLOR OF METEORS, NOVEMBER I4-I5, I898. 
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Remark. — The writer has from more than one observed 
phenomenon been made to feel that the common idea that the 
Mississippi valley is necessarily a bad location for an astronom- 
ical observatory is without foundation ; but never more forcibly 
than on the mornings of the I2th and 15th of November last. 
Two hours before sunrise on both of these mornings the zodiacal 
light was seen delineated on the dark background of the celes- 
tial vault with all the distinctness with which it is depicted by 
observers in equatorial regions. The outlines of the pyramidal 
sheaf of light could have been traced with little difficulty, the 
apex rising quite to the meridian or even beyond it, completely 
enveloping the planet Mars. The color of the light was white, 
with perhaps a pale greenish cast. The base reached from a 
point on the eastern horizon 10° or more north of east, around 
toward the south to a point 30° to 40° south of east. The glow 
from the light was so strong as actually to interfere with the 
meteoric observations we were at the time engaged in. 

Work was begun on the Bielid meteors on the evening of 
November l6th. The watch was kept up continuously from 6:00 
P.M. until 1 1 : 00 P.M. on every evening to the 29th. Nothing of the 
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swarrr. was >ecn c" e::her the 2}i or the 27th. or on any inter- 
ver.inz date. On the evening •: : the 17th. however, from 10 : DO to 
1 1 :OC r.M.. ten meteors were counted at this ObservatorA-. and all 
emanated fron: the rezim :: the Andromic radiant. The Moon 
was within ;c' of the radiant, beinz at the time about five davs 
old- Its lig^ht do-bt'.ess cut out half of the meteors which 
would have been seen without it. This estimate is probably too 
low in the t>resent instance, since the obliterating: effect of a 
general haze was also : resent, sc- that we were, on this evening, 
receiving Andromids at a rate of cot less than twenty per hour. 
Is it not ;ust possible that the swam:: mav have been accelerated 
this year as it was in iS^r. des: ite the mathematical necessities 
of the situation r Clouds interfered with further obser\'ation 
at this time. 



NOTES ON THE SPECTRUM OF o CETI. 

By W. W. Campbell. 

This interesting variable star was placed on the Mills spec- 
trograph observing list solely for the purpose of determining its 
velocity in the line of sight. The observations were not expected 
to contribute to our knowledge of the star's physical condition. 
The spectrograph is designed for recording spectra in the 7/7 
region exclusively. The photographs of the spectrum of Ceti 
show the details of the portion between X 4270 and X 4440, on 
a scale large enough to permit an accurate determination of the 
wave-lengths. As is well known, the dark-line spectrum of this 
star is of Secchi's third type, and bright hydrogen lines 7/7, //S, 
//f, Hri, etc., are also present. 

The velocity of the star, obtained from measures of the dark- 
line spectrum on seven plates, is as below : 

1897 November 10 + 63.3km 

* +63.5 
December 1 5 -f- 62.0 

December 1 5 + 60.9 

* +60.5 

Mean + 62.3km 

The velocity furnished by the dark-line spectrum seems to 
be constant. 

The bright H^ band is extremely strong ; in fact, very much 
overexposed, on all the plates referred to above. If an exposure 
of an hour was required for recording the dark-line spectrum, 
an exposure of two minutes, under the same conditions, would 
record the H^ band. 

The bright 7/7 band is displaced toward the violet with refer- 
ence to the dark-line spectrum. This is unmistakably evident from 
all the photographs. The amount of the apparent displacement 
depends upon the degree of exposure. The red edge of the 
band fades away gradually, while the violet edge terminates 
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1898 August 29 


+ 62.8km 


September 4 


+ 63.7 


September 19 


+ 61.8 


November 29 


+ 62.3 



32 



W, IV, CAMPBELL 



rather sharply. Therefore, with increased exposures, the appar- 
ent center of the band moved toward the red. The centers of 
the overexposed images of H'>t occupied positions corresponding 
to the following velocities : 



1897 November 10 


+ 58km 


1898 August 29 
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58 
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1898 August 29 


57 
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The two photographs of December 15, 1897, ^^^ ^^^^ ^^ 
November 29, 1898, were taken sometime after the maxima for 
the two years, when the brightness of the star was much reduced. 
The smaller velocities recorded for those dates are due in part 
to the reduced intensity of the H^ band, but principally to real 
changes in the character and position of the band, as explained 
below. 




43^o.lf 







if-o.5t 



The first short exposure plate, for giving suitable density to 
the H^ band, taken August 29, 1898, showed that the band was 
made up of three bright lines. The middle line was the strong- 
est. The one to the violet was fairly strong, and the one to the 
red was relatively weak. None of the lines seemed to be strictly 
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monochromatic ; the red one especially seemed to be poorly 
defined. The appearance of the band at that time is represented 
in the accompanying intensity curve for August 30. 

The wave-lengths of the three maxima were measured on 
three plates and reduced to the system of the dark-line spec- 
trum, assuming that spectrum to yield a velocity of + 62.3km 
per second with reference to the solar system ; and the apparent 
velocities corresponding to the positions of the three maxima 
have been computed from their displacements with reference to 
the comparison spectra. It is not contended that the displace- 
ments represent actual velocities of the incandescent hydrogen 
in the line of sight. It is quite conceivable that the displace- 
ments are due to pressure, or to other causes. The results are 
reduced to velocity, since that is a convenient and homogeneous 
method of comparing displacements in the H^ and Hh bands 
with those in the dark-line spectrum. The results for the triple 
//7 band are as below. 



1898 Aug. 29 


Aug. 30 


Sept. 4 
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A V 


4340.22 

.59 
.96 


+ 35l^m 
+ 59 
+ 85 


4340.24 
.60 
.87 


+ 35km 
+ 60 

+ 79 


4340.25 
.61 
.91 


+ 36km 

+ 61 
+ 81 


4340.24 +35km 
.60 + 60 
.91 + 82 



Inasmuch as all our photographs showed the center of the H^ 
band to be displaced toward the violet with reference to the dark- 
line'spectrum, it was desirable to examine the bright Hh band 
for evidence bearing on the same point. Mr. Wright secured 
two photographs of it in September. They show the Hh band 
to be triple, with a very strong central component as in //7, but 
with the other components about equal to each other. It was 
seen at a glance that the principal component was displaced 
more toward the violet with reference to the hydrogen comparison 
line that was the case for the principal component of the H^ 
band. The plate contained comparison lines of the artificial 
iron and hydrogen spectra. The velocity of the principal com- 
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ponent of the Hh band determined from a direct comparison 
with the Hi comparison line was about + 49km per second ; but 
determined from the neighboring comparison lines of iron, it 
was about + 40km, assuming the normal position of the //S line 
to be that assigned by Rowland's Table, X 4102.000. We sus- 
pected an error in the assigned wave-length, and the matter was 
investigated by Mr. Wright. His result for the wave-length — 
published on another page of this Journal — is 4101.89. Using 
this value, the velocities determined from the hydrogen and iron 
lines agreed. The results for the Hh band are as below, the 



1898 Sept. 4 


Sept. 92 
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A V 


4101.40 
.33* 

4101.72 

.68* 

4102.16 
.13* 


-|-26km 
+ 21* 

+ 50 
+ 47* 

+ 82 
-|-8o* 


4101.36 
.35* 

4IOI.7I 
.66* 

4102.14 
.11* 


+ 23km 
+ 23* 

+ 49 
+ 46* 

+ 81 
+ 78* 


4101.36 +23km 
4101.69 +48 
4102.14 +80 



wave-lengths being expressed in terms of the normal values for 
the lines in the dark-line spectrum — the displacements being 
converted into velocity for convenience in making comparisons. 
It will be noticed that the first and second lines in the H^ and 
Hi bands are displaced by unequal amounts — 12km. The third 
lines in the two bands were of quite different character. 

There is good reason to believe that an additional bright line 
exists at X 4 102.8, and one or two others at about the same dis- 
tance to the violet of Hh, though there is a possibility that 
these may be abnormally bright points in the continuous spec- 
trum. 

Photographs of both bands taken in November of this year 
showed that their character had changed, and that the H'>t band 
had shifted its position to a remarkable degree. The bands 
seemed to be composed of single lines, not monochromatic, with 
possibly a very faint companion on the red side of each, as 
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shown in the illustration for November 6, above. The wave- 
lengths of the //^7 band, determined from six plates, and the 
velocities with reference to the solar system, are the following: 



1898 November 6 


4340.37 


+ 44.0 


November 7 
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+ 45.0 


November 8 


.37 


+ 44.4 


November 29 


•34 


+ 42.0 


November 29 


•39 


+ 45-4 


November 29 


•39 


+ 45.8 



Means 4340.37 + 44.4km 

One plate of the Hh band gave the results : 

1898 November 8 4101.68 +47km 

The 7/7 and Hh bands agreed closely in appearance and in 
displacement in November, but were perceptibly different in 
appearance and very different in displacement at the times of 
the August and September observations. 

As the continuous spectrum grows fainter, several additional 
bright lines seem to become visible. One deserves special men- 
tion. Its wave-length in the system of the dark-line spectrum, 
and the corresponding velocity in the line of sight, on the 
assumption that its normal wave-length is that of the iron line 
X 4376.107, have been determined as below. 



1897 November 7 


4375 


i.82 


+ 42km 


November 8 




.84 


+ 44 


November 16 




•83 


+ 43 


November 22 




•84 


+ 44 


November 29 




.87 


+ 46 



Means 4375.84 + 44km 

This line would seem to be displaced the same amount as the 
hydrogen bright bands. 

Another apparent bright line is at X 4307.78. If we assume 
its normal wave-length to be that of the strong iron line at 
X 4308.081, its displacement is such as to correspond to a 
velocity of +42km, the same as for the other bright lines. 
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The photographs show many other features which would no 
doubt be of great interest ; but I shall not discuss them, prefer- 
ring rather to confine the investigation to the determination of 
velocities in the star's system. At the same time, to avoid pos- 
sible misunderstanding, it is well to repeat that the displace- 
ment of the bright lines toward the violet, with reference to the 
dark-line spectrum, and the changed velocities assigned to them, 
must not be considered as proving actual changes in the velocity 
of the matter emitting the bright-line spectrum. It is quite con- 
ceivable that changes in the physical condition of the body are 
responsible for the appareiit changes of velocity. 

A majority of the photographs of this star's spectrum were 
secured by Mr. Wright, and the results marked thus * are from 
his independent measures and reductions. 

On December 12 the visual spectrum of this star was exam- 
ined by Professor Keeler, Mr. Wright, and myself, especially in 
the vicinity of the hydrogen lines. The H^ and Hh lines were 
prominent. With reference to the strength of their continuous- 
spectrum background, the Hh line seemed to me to be stronger 
than the H^ line. I was unable to see any evidence of a bright 
Ha or H fi. However, the spectrum seemed to be full of 
details in those regions, and weak hydrogen lines, which easily 
escape visual detection, might be visible on large-scale photo- 
graphs. 

Lick Observatory, 
December 14, 1898. 



CONSIDERATIONS CONCERNING THE INFLUENCE OF 
A MAGNETIC FIELD ON THE RADIATION OF 
LIGHT.^ 

By H. A. Lor ENTZ. 

1. The assumption that every molecule of a source of light 
contains a single movable ion, which can be displaced in all 
directions from its position of equilibrium and is always driven 
back to that position by the same force, proportional to the dis- 
placement, leads to the elementary theory of the phenomenon 
discovered by Dr. Zeeman. Viewed across the lines of force, a 
single spectral line must, by the action of the field, be tripled, 
and viewed along the lines of force, be doubled ; besides, the 
components of the triplets and doublets must be polarized in a 
well-known manner. 

Whilst the first observations of Zeeman were consistent with 
this theory, and he soon could confirm the theoretical predictions 
by the observation of distinct triplets and doublets, yet it has 
become apparent that the case is often less simple. For instance, 
Cornu proved that in the case of one of the sodium lines, viewed 
across the lines of force, the central component of the triplet 
is doubled, so that in reality a quadruplet is seen. Michelson 
and Th. Preston observed in many cases not only a far more 
complicated structure of the central component, but a similar 
structure of the outer components of the triplet. According to 
these observations, the word ** triplet'* is hardly applicable, 
though there is always an important difference between the cen- 
tral part of the appearance in the spectrum (the two central 
lines, for instance, of Cornu's quadruplet) and the outer parts ; 
the first is plane polarized, the plane of polarization being per- 
pendicular to the lines of force, whereas in the right and left 
part the plane of polarization is parallel to the lines of force. 

2. The facts mentioned evidently make it necessary to replace 

' Proceedings of the Royal Academy of Sciences^ Amsterdam, June 25, 1898. 
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the elementary theory by a more complete one. Some time ago, 
I examined ' therefore what phenomena are to be expected, if a 
molecule, having an arbitrary number of degrees of freedom and 
arbitrarily distributed electric charges, is oscillating about a 
position of equilibrium. 

Before returning to this subject, I will consider the conclu- 
sions which may be obtained by arguments from symmetry, 
without entering into the details of the mechanism of radiation. 

There can be no doubt that we may consider the source of 
light as a system of extremely small particles, oscillating partly 
with the frequency of the light vibrations ; in virtue of their 
electric charges, these particles must excite in the surrounding 
ether periodically oscillating dielectric displacements. These 
constitute the luminous motion radiated by the source. 

For briefness* sake this entire system will be indicated by S. 

We may now conceive a second system S' , which is the image 
of 5, relatively to a fixed plane P, The meaning of this is as 
follows. 

If ^ is a particle in 5, there is in S' a particle A' , which is 
the image of A and of the same physical nature as this particle. 
Especially, the mass and the electric charge are the same ; or, 
to speak more accurately, in corresponding points of A and A' 
the same material density and the same density of electric charge 
will be found. Moreover, the particles A' will be at every 
mometit the image of the particles. A, or, as we may s^y, the 
motion of the ions in S' will be the image of the motion in 5. 
If this is the case, the luminous motion in the ether in 5' will 
likewise be the image of the motion in 5, in this sense that the 
vector representing the dielectric displacement in S' is always 
the image of a corresponding vector in 5. 

Of course all this will only be possible, if the forces operat- 
ing on the particles A' are the images of those to which the 
particles A are subjected. So far as the mutual action of the 
particles is concerned, we may regard this as a consequence of 
the supposed equality in physical nature. In order that the 

« 

' Wied, Ann,, 63, 278, 1897. 
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forces, originated by the external magnetic field, may satisfy the 
same condition, we will suppose that the vectors, representing 
the magnetic force in S\ may be derived from the correspond- 
ing ones in 5 by first taking their images, and then reversing the 
directions of these images.' 

It will also be assumed that the properties of the image of 
the source of light, as far at least as we are concerned with them 
in really observable phenomena, are the same as those of the 
source itself, so that the latter may be substituted for the image. 
Finally, we suppose that the entire luminous motion in the ether 
is developed by means of Fourier's theorem into simple har- 
monic motions ; when the total luminous motions in 5 and S' 
are each other's images, the same will evidently be true of those 
parts of the luminous motions, which have a determinate period 
T — or rather periods between two definite limits T'and T-^rdT. 

3. Let 2 be a straight line, drawn from any point in the 
source of light parallel to the lines of force, and let L denote 
the luminous motion with a defifiite period Z", existing at a distant 
point of Q. By taking the image of the whole system, relatively 
to a plane parallel to the line Q, it is easily seen that the image 
U is exactly the luminous motion that would exist in the point 
considered, if, the source of light remaining unchanged, the 
direction of the field were reversed. Hence L' may very well 
differ from Z, but, in all observable properties, L' must remain 
unchanged, if the reflecting plane be turned around the line Q 
as axis. 

Whence it follows, that, if all vibrations of L are resolved 
parallel to a line i?, perpendicular to Q, the intensity produced 
by the components must be independent of the direction of R, 
Indeed, R^ and R^ being two lines perpendicular to Q, and 7^^ 
and 7^2 the intensities corresponding to them in the manner 
indicated, we may give to the reflecting plane two positions, P^ 
and 7^2, in such a way that the image of i?^, relatively to 7^^, 

* If the magnetic field is generated by electric currents, we may imagine the 
required Beld in 6" to be produced by currents, which are the images of the currents 
in 5. 



40 B. A, LORENTZ 

coincides with that of R^, relatively to P^, Indicating by R* 
the direction of these coinciding images and by 7'^' the intensity 
corresponding to this direction of vibration in L' — this quantity 
remaining the same, as was remarked above, for every position 
of the reflecting plane — we may write /^^ =7'^ and 1^^=^!' r\ 
hence7^j=7^g. 

In this way we come to the conclusion that the light propa- 
gated along the lines of force, and having a definite period T, 
or, in other words, occupying a definite place in the spectrum, 
cannot be polarized plane or elliptically, neither completely, nor 
partially. It can only be unpolarized, or circularly polarized ; 
in the latter case the polarization can be partial as well as com- 
plete. 

The light would be unpolarized, if an influence of the mag- 
netic field did not exist at all. As far as we know, the 
components of the doublets seen along the lines of force are 
completely circularly polarized. From the above considerations 
it however appears that the radiation might also be partially 
circularly polarized. We see at the same time that, if in a given 
place of the spectrum the polarization is right-handed, it must 
become left-handed at the same place by reversing the magnetiza- 
tion. 

4. Arguments of the same kind may be used when the 
observations take place across the lines of force. Now, we place 
the reflecting plane perpendicular to these lines. The magnetic 
field remains unchanged ; consequently, the luminous motion 
must have the same properties as its image. Hence the light, 
observed in a given place of the spectrum, cannot be circularly 
nor elliptically polarized — neither completely nor partially. It 
must be either unpolarized light, or plane polarized — wholly or 
in part — the plane of polarization being parallel or perpendicular 
to the lines of force. 

It needs scarcely be mentioned, that all observations are in 
agreement with this conclusion. 

5. A closer examination of the mechanism of radiation gives 
us a relation between the light radiated along and that radiated 
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across the lines of force. At least one conclusion concerning 
this point lies at hand. 

Let J/ be a single molecule of the source of light, and let 
three rectangular axes, OXy OY, OZhe drawn, the first along the 
lines of force. Let e be the electric charge in a point of the mole- 
cule having the coordinates x,y,z; then we may call ^ e x^ 
^ e y, ^ez — calculated for the entire molecule — the compo- 
nents of the electric moment of the particle. 

These quantities are continually changing, and will perhaps 
be extremely complicated functions of the time. By means of 
Fourier's theorem, we may however separate the parts that have 
a determinate period T, We will confine ourselves to these parts 
and denote them by VXx, VXy, VXz. 

If now the dimensions of the molecule are very small com- 
pared with the wave-length, then, the observer being supposed 
at a distance of a great many wave-lengths, it may be deduced 
from theory, that in all points of OY, light is produced merely 
by the variations of VXx and VXz, V\x producing vibrations along, 
and V\z across the lines of force. Similarly for points of OX 
and OZ, 

Suppose that, when viewing across the lines of force, for 
instance from a point of OYy in a given place of the spectrum 
light is seen which is entirely plane polarized, the plane of polar- 
ization being perpendicular to the lines of force. 

Then, at the place in question, there will not be any luminous 
motion produced by ITl-s:, and, because the molecules are vibrating 
independently of each other and hence light emitted by one can 
never be totally destroyed by that originating from another, ITl-sr 
must vanish in all molecules. Of course the same argument 
applies to VXy\ hence it follows, that no light can be observed 
from any point of OX, that is to say in the direction of the 
lines of force. 

Becquerel and Deslandres have found* that one of the iron 
lines, when viewed across the lines of force, becomes a triplet, 
the central and side components of which, as compared with 

' Comptes Rendui, 4 avril 1898. 
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those of the ordinary triplets, have interchanged their states of 
polarization.* The foregoing reasoning entitles us to predict, 
that only the middle component of this triplet will be visible, 
when the phenomenon is observed in the direction of the lines of 
force. 

6. In the paper cited above, I have established the equations 
of motion for infinitely small vibrations of a molecule, having n 
degrees of freedom, and placed in a magnetic field. I called 
P\yp2 • ' ' Pn the general coordinates, chosen in such a manner, 
that they are o in the position of equilibrium, and that they are 
principal coordinates as long as there is no external magnetic 
force. I obtained for the equations of motion 

• • • • • X 

^i A + ^i A — (^i.a A + ^1-3 A + • • • + ^i.« A ) = o» f 

. . . > (0 

«a A + Kpn — (^a., /i + ^2.3 A + • • • + C^.npn ) = O, ) 

etc., where a and b are constants, independent of the magnetic 
force. 

The influence of the field is expressed by means of the terms 
containing the quantities c, which are all proportional to the 
intensity of the field. 

They further satisfy the relations 

Cr,s = — Cs.r (2) 

To determine the possible periods of vibration, we put, 
according to a known method, in (i): 

A = /^x ^'» A =l*-ii^*y ' • ' Pn = f^H ^* y 

and eliminate fi^, fi^, , , , fi„. If 



_ — hi -1 — ^a _2. — Aa 

aj a, an 



and 



^r.s 



^r,s y 



the result may be put into the form 

' The same phenomenon has been observed in the case of some iron lines by 
Ames, Earhart and Reese, /oAns J/opJh'ns Univ, Circulars, Vol. 17, No. 135. 
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^a.i •> * I '*a > ^a.3 *i 






^n.i /, 



^w.a M ^«.3 ^> 



. i^+k. 



= (3) 



In consequence of the relation (2), the development of the 
determinant will contain only even powers of /^. Hence an 
equation is obtained, of the w'** degree in /*. From the circum- 
stances of the case it follows, that the roots of this equation are 
all real and negative ; hence n pairs of imaginary values of /are 
obtained. If + ^^'r^ind — ik' ^ are two of those values, there 
will be a mode of vibration with the frequency (number of vib- 
rations in the time 2 tt) k' r. 

Evidently, without the field, the frequencies would become 

k k k 

and it is clear that, if there is a magnetic field, each of these 
frequencies is modified into a value k\, differing very slightly 
from k^. 

In the cited paper I had restricted the development of (3) 
to terms containing the products of two factors e. Denoting by 
77 the product 

{l^ + k,-) (/»+V) . . . {l^Xkn-) 

and by 77^., the value, got from this by omitting the factors 
/* +^^* and l^ +^,*, we obtain 



77— 2 /» fr.s es.r 7Tr,s 



o, 



(4) 



where the sum is to be extended to all combinations of unequal 
indices r and s, 

I inferred from this equation, that a triplet can only be 
observed, if three of the values k are equal, or, in other words, 
if the system has three equivalent degrees of freedom. This 
will also be clear when it is considered, that by a continuous 
decrease of the magnetic field, the three components of the 
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triplet may be made to coincide, so that the simple spectral 
line, as seen out of the field, may be considered as consisting of 
three coinciding lines. Applying the same argument to Cornu's 
quadruplet, it seems natural to suppose that the lines, which are 
apt to undergo this modification, consist already, under ordinary 
circumstances, of four coinciding lines, or otherwise, that now 
we have four equivalent degrees of freedom, or four equal 
values k. 

Yet the origin of a quadruplet cannot be explained by equa- 
tion (4). Indeed, if k^, k^, k^, k^ are the frequencies having 
the same value k, there are in each term of (4) at least two 
factors Z^ + k^. Hence the equation must still have two equal 
roots — k*, and besides only two roots, differing very little 
from — k^. 

7. It was however brought to the notice of the author by Mr. 
A. Pannekoek that in this case equation (4) is incomplete, 
because some of the terms neglected are of the same order of 
magnitude as those retained, and that, by returning to equation 
(3), an explanation of the quadruplet may be arrived at. 

If yt^2__^^2_-^^2-_^^2 ^_]^2^ certainly four roots of equa- 
tion (3), if not = — k*, will differ only very little from this 
value. 

If P is one of these values (we need not occupy ourselves 
with the other values of Z^), then the four quantities l^+k^^, 
/«+>^22 /«+>&3^/*+^4^ will be small. On the other hand the 
quantities 

/' + V» ^" + V, . . . /« + >^«' (5) 

will have values, which by no means become small. Since all 
the quantities el are likewise small, the elements (5) of the 
determinant will exceed by far all other elements, and we shall 
obtain a sufficient approximation, when we take in the devel- 
opment of the determinant only those terms, which contain all 
the quantities (5). Evidently, the equation serving for the 
determination of the values of /^, which differ only slightly from 
— k*, will therefore be 
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/« + k« , 

^3.1 A 



^i.a /, 



^1.3 A 



/« + k' , ^'^ , /, 



^3.« ^» 



/» + k^ 



^1.4 ^ 



^2.4 ^ 
^3.4^ 



^4.3 ^> ^' + k' 



= O. 



If we develop this determinant, all terms, which have an odd 
number of factors ^^,/, are excluded by (2). Hence the equation 
may be written 

(/« + k«)4 -^ A (/« + k»)" + ^ = o, (6) 

where A contains terms with two factors ^^.,/,:and B terms with 
four factors of this kind. In all these factors /* may be replaced 
by — k*. Consequently, A and B can be found, and A is now 
proportional to the square and B proportional to the fourth 
power of the intensity of the field. 

From (6) we get two values of (/* +k*)*, which are both 
real and positive, because, as was already remarked, real values 
must be found for /*. Hence the solution of (6) may be rep- 
resented by 

(/3 + k-)»=a% (7) 

and 

(/» + k«)» = )3% (8) 

where a and /8 are known, say positive, quantities. By reason 
of what has been remarked about A and B^ the values of a and /8 
will be proportional to the intensity of the field. 

Finally from (7) and (8) the following y&i^r values of /* are 
obtained : 

/« = — k« + a, — k« — a, — k« + iS, — k« — iS, 

so that in fact there must be seen a quadruplet in the spectrum. 
In order that the four lines of this quadruplet may be perfectly 
sharp, it is however necessary, that in a given magnetic field 
the quantities a and /8 are independent of the direction into 
which the molecule is turned, or, what comes to the .same thing, 
that, for a given position of the molecule, a and /8 are independ- 
ent of the direction of the magnetic force. 
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Mr. Pannekoek has also remarked, that a similar reasoning 
applies when an arbitrary number, e, g^^p, frequencies k are equal. 
In this case we come to the conclusion that, for a given position 
of the molecule in the field, the simple spectral line must be 
separated into a /-fold line, in such a way, that the position of 
the different components is symmetrical to the right and left of 
the original line. From this it follows, that if / is odd, one 
component remains at the place of the original line. 

It seems however very difficult to conceive a system, having 
really, as is necessary for quadruplets, four equivalent degrees of 
freedom, especially if in addition to this, it is required that the 
values of a and /8 must be independent of the direction of the 
magnetic force, relatively to the molecule. I have not been able 
to find out a system really fulfilling these conditions. It is true, 
it might be argued that the very existence of a quadruplet 
proves the equality of four frequencies, when there is no magnetic 
field, and hence that the above theory of the quadruplet must 
be true, even though the mechanism has not yet been found out. 
However, I have some scruples about adopting this view of 
the case, for I think it is not yet quite certain that the vibra- 
tions which produce light are really to be described by equations 
of the form (i). 



ON AN ASYMMETRY IN THE CHANGE OF THE 
SPECTRAL LINES OF IRON RADIATING IN A 
MAGNETIC FIELD.^ 

By P. Zeeman. 

I. It is known that in the elementary treatment of the 
influence of magnetic forces on spectral lines according to 
Lorentz's theory it is sufficient, if only one spectral line is con- 
sidered, to suppose that in every luminous atom is contained 
one smgle movable ion moving under an attraction proportional 
to the distance from its position of equilibrium. All motions of 
such an ion can be resolved into linear vibrations parallel to the 
lines of force and two circular vibrations, right-handed and left- 
handed, perpendicular to the lines of force. The period of the 
first mentioned vibration remains unchanged, those of the last 
are modified, one being accelerated and the other retarded. The 
doublets seen along the axis of the field, the triplets seen across 
it are in this manner simply explained and also the observed 
polarization phenomena. Besides we must expect according to 
the theory that the outer components of the triplet are of equal 
intensity and likewise the two circularly polarized components 
of the doublet. Eye observations as well as the negatives 
taken by myself and others have always confirmed till now this 
most simple symmetrical distribution of intensities. The question 
arises, cannot the external magnetic forces, sufficient to direct the 
molecular currents assumed in the ionic theory of magnetism,' 
favor the circular vibrations more than those along the lines of 
force.3 If this be assumed we are also compelled to admit that 

' Proceedings of the Royal Academy of Sciences^ Amsterdam, June 25, 1898. 

^Cf RiCHARZ, Wied, Ann., 52, 385, 410, 1894. 

^Cf LoRENTZ, Fers/. Ak, Amsterdam, October 1897, p. 213. [It was pointed 
out by Lorentz in the article referred to, that the phenomena observed by Egoroff and 
Georgiewsky can be explained, without any hypothesis of the kind mentioned, by the 
absorption which the rays from the posterior part of the flame undergo in the anterior 
part. 
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the revolution of the ions takes place more in a given direction 
than in the contrary. Hence then there must be a difference of 
intensity between the two outer components of the triplet and 
between the two components of the doublet. Although the 
ordinary magnetism of the highly-magnetic substances has 
probably disappeared in the spark, it seems rather natural to 
examine in the first place iron, nickel and cobalt in search of a 
phenomenon in which the "molecular currents'* of Ampere (or 
that part of these currents, which is produced by the motion of 
the light-ions) would manifest themselves optically. However, 
it seems to me by no means decided beforehand, that other sub- 
stances would not exhibit something of this kind. I have how- 
ever investigated in the first place iron. 

The first results obtained were very promising. In the field 
used several of the iron lines exhibited on the negatives a more 
intense component at the less refrangible side of the spectrum. 
Further inquiry has however shown that this seemingly positive 
result seems to be of no value. I will give the results of my 
experiments only in abstract. Before describing them, it may be 
remarked, that, if a directing influence, as mentioned, exists, we 
must expect that the component at the less refrangible side must 
be intensified in the case of the triplet as well as in that of the 
doublet. The sign of the charge of the ions cannot have any 
influence upon this result. 

2. Negatives were taken in the spectra of the third and sec- 
ond orders obtained by means of a Rowland grating (radius lO 
feet, 14,438 lines to the inch). The part of the spectrum 
between 3000 and 4000 A. U., when viewed in the two principal 
directions across and along the lines of force, was studied with 
special care. The vast majority of the iron lines were, with the 
field used, resolved into doublets, triplets, quadruplets, etc. ; 
only three or four lines seemed unaffected. Now I found in the 
case of a few lines inequality between the outer components of 
a triplet across and of the corresponding doublet along the lines 
of force. On the negative the component at the red side of the 
spectrum was darker, independently of a commutation of the 
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current. Of course the difference of intensity is dependent 
upon the time of exposure. Upon some of the negatives the 
difference was for a special line perhaps 50 or 100 per cent. 

However it was plain enough, that the outer component of 
the triplets and also the two components of the doublets were, 
in the case of the strong iron lines, of equal intensity. Now in 
the case of feebler lines, one of which we will call Z, perturba- 
tions will be possible due to the overlapping of one of the com- 
ponents of a ** normal" triplet or doublet and a feeble line, say 
but slightly affected by magnetism. The latter line can (i) 
be present near L in the same spectrum ; or (2) belong to a 
spectrum of another order from the line L ; or (3) by the very 
presence of the field a special line may become relatively to other 
lines more intense or a new line may be produced. By taking 
negatives with different fields it will, of course, be possible to 
avoid difficulties from these three causes, at least if the supposed 
line is narrow. We can, however, by taking also negatives in 
absence of the field exclude (i),and by taking negatives in 
spectra of different orders or by cutting off any interfering 
spectrum through the use of absorbents, (2). Having done this, 
it appeared that case (3) also sometimes occurs ; the inten- 
sity of the iron lines relatively to the air lines varies consider- 
ably and the mutual intensity of the iron lines appreciably. New 
lines appear, at least lines absent on negatives taken with the 
field off became distinctly visible, while the intensity of the 
field was still insufficient to resolve the lines into triplets, etc. 

The last mentioned perturbation is of course most deceptive. 
Using however fields of varying intensities, I could avoid per- 
turbation (3). Excluding however (i), (2), (3), only triplets, 
doublets, etc., remained, which, I think, can only be called quite 
symmetrical. Hence up to the present time there is no evidence 
of a directing influence of the magnetic field on the orbits of 
the light-ions.' 

' Cf Preston, Phil, Mag,, 45, 333, 1898. 



Minor Contributions and Notes. 



THE VELOCITY OF METEORS. 

The considerable success that has attended the efforts to photo- 
graph meteor trails recently shows that it would be possible to measure 
the velocity of a meteor by a photographic method. All that is 
required is to arrange a rotating toothed wheel in front of the camera 
and to know the rate of rotation and number of teeth, so that there 
may be two or more eclipses of the meteor during the passage of its 
image across the plate. Another possible arrangement would be to 
give an oscillatory or other motion to the plate, to the lens, or to a 
mirror reflecting the light into the camera. These latter arrangements 
would, however, distort the images of fixed stars, and are consequently 
less desirable than a simple eclipser. 

The actual velocity of meteors is only roughly known, and it would 
be of great interest to determine it accurately. The method indicated 
would probable enable this to be done sufficiently accurately to deter- 
mine whether there is any sensible change in the velocity owing to the 
resistance of the atmosphere. 

I have often felt surprise that this method has not, to my knowl- 
edge, been employed before. I have tried on several occasions to get it 
tried by astronomers over here, but the prospect of being able to pho- 
tograph the trails at all seemed to deter them. I can hardly think that 
the proposal is familiar to American astronomers, or it would probably 
have been used during the recent showers, but I have seen no record 
of its having been tried, so that I now write this in hope that observa- 
tions of this kind may be made next year. 

Geo. Fras. Fitzgerald. 
Trinity College, 

Dublin, December 28, 1898. 

ON THE WAVE-LENGTH OF THE Hh LINE. 

In measuring the displacement of the Hh line in the spectrum of 
the star o Ceti, the spectra of both hydrogen and iron have been used 
for comparison. In the case of hydrogen the shift is directly meas- 
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urable. When the iron comparison is used the value of the micrometer 
reading for Hh must be interpolated from the readings on the iron 
lines. Using for this purpose the wave-lengths given in Rowland*s 
Preliminary Table of Solar Spectrum Wave-lengths, it was noticed by 
Professor Campbell and myself that the interpolated and direct read- 
ings did not agree. 

An error in Rowland's value of the wave-length of Hi (X = 4io2. 
ooo) was suspected, and two determinations of this quantity were 
made with the Mills spectrograph. 

Plate loig D. — The spectrum of hydrogen was photographed with 
that of the sky on each side for comparison. Close solar lines were 
used as standards, with the following results : 

Standard Hh 

4098.335 4101.89 \ Corrected for curvature 

4103.097 01.90 > of spectrum lines and mo- 

04.288 01.90 ) tion of Earth. 



4101.90 

Plate 1018 D, — The position of the Hh absorption line was meas 
ured with reference to neighboring solar lines. 



Standard 


HI 




4100.315 


4101.89 




00.901 


01.87 




03.097 


01.90 




04.288 


01.89 


Mean 4101.89 



4101.88 

These values agree more closely than do Rowland's with those 

obtained by Dr. Ames and other investigators. 

W. H. Wright. 
Lick Observatory, University of California, 

December 14, 1898. 



THE NOVEMBER METEORS IN 1898.* 

Observations of the meteoric shower of November 13, 1897, were 
made at the Harvard College Observatory, and a description of the 
results will be found in the Annals, Vol. XLI, No. 5, and in Circular 

* Harvard College Observatory Circular No. 35. 
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No. 31. More extensive observations were made in 1898, and the 
results will ht published later in the Annals, Several investigations 
wore undertaken, and some of the preliminary results are given below. 
As proposed in Cirs.uUr No. 31, stations have been selected all around 
tho Karth» in order that counts of the number of meteors visible might 
bo tnado durinij the entire time that the Earth traversed the meteor 
sticaui. The density of different portions of the stream would thus be 
dcti't mined. Reports from the distant stations will not be received 
loi some lituc. The nikjhl of November 13 was cloudy in Cambridge, 
but on November 14. 800 meteors, not including duplicates, were 
leioideil at this Observatory by 30 persons. The maximum occurred 
at ihiee v>\ lock in the morning, when 61 meteors east of the meridian 
weie toutued \\\ half an hour; 227 trails of 80 different meteors, 
wiihm ;o i>l the radiant point, were charted. Similar observations 
well* maile at Trovidence by Professor Upton of the Ladd Observatory, 
aided bv a numln'r of students. The vicinitv of the radiant was 
wall l»ed t untinuously by at least ten observers, who recorded 400 
iiiele\>iN lliis station is 40 miles south of Cambridge, and was 
».elet led as NUitable for determining the parallax visually. Ninety-six 
phoio^iapliN weie taken at Cambridge with the Draper telescopes and 
Willi eleven Miiallei instruments. Five photographic doublets were 
nioiiiueil equaloiiatty and photographed the region within 30° of the 
ladiaiit dm ink; neailv the entire niv:ht. Two cameras were carried to 
lulls (pllekje, \\\K> miles north of Cambridge, and twenty-five photo- 
^M.iplis >\eie taken simultaneously at both stations for a photographic 
drlrimm.ihoi) ot the parallax. In all, 31 trails of eight different 
iiiriroi . weie plioiogiaphed. of which 3 appeared on one plate. Four 
iiu'leois weie photoj^raphed at both stations, and can be used for 
delnimmiik; the paiallax photographically. The changing distance of 
the mi'ieois is iibvious by inspection of these photographs. A prelimi- 
iiiiv delriiniiiation \y\ the radiant was made by prolonging the trails 
<»l I iiM-ieins riiev nearly intersect in a point, the greatest deviation 

mil e\(rrdiiu: « *»» it>'. The position of the radiant reduced to 

n>... I. iliMs k'.iven as K.A. lo** 6.8"", Dec. = + 22 "" 16', which is 9"* 
l«.lliM\m/. ,111(1 ^s ' south of the place given by Denning. Seventeen 
pl'iliv. wnr t.iken with prisms, but they failed to show the spectra of 
•my iiM-hnis It appeals from the photographs that the light of the 
iMitrni^ tiiitiiird a maximum and then diminished as rapidly as it 
iti« 11 i^ril 111 some «ases, sudden changes due to explosions are well 
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shown. The trail is sometimes surrounded by a sheath of light, and 
in one case the trail remaining after the meteor had passed was pho- 
tographed. These results show that meteoric showers may now be 

studied to advantage by photography. 

Edward C. Pickering. 

November 19, 1898. 

WITT'S PLANET (433), D Q.' 

A CAREFUL search has been made by Mrs. Fleming upon the Har- 
vard plates for early photographs of Witt's' planet (433), D Q. Mr. S. 
C. Chandler has courteously furnished ephemerides based upon the 
best available material, and has devoted much time to correcting the 
elements and computing the positions corresponding to the times at 
which certain photographs were taken, as is more fully explained in the 
Astronomical Journal^ No. 452. 

In making this search the following method of procedure has been 
adopted : Mr. Chandler, by means of the elements published in the 
Astronomical Journal, No. 451, computed ephemerides for the opposi- 
tions of 1894 and 1896. It appeared that the observations then availa- 
ble were insufficient to determine the position in 1894. An error of 
i' in the mean daily motion in the orbit would change the right 
ascension of the object in 1894 by about half an hour. Moreover, the 
value of the daily motion differed by several seconds not only in the 
early ephemerides of this planet, but in those dependent on a large 
number of visual observations. Although plates were examined by 
Mrs. Fleming, covering a region of about 1300 square degrees, the 
planet was not found. Plates taken in 1896 were next examined, as it 
was thought that the smaller errors of the ephemeris would compen- 
sate for the extreme faintness of the planet. This examination proved 
to be especially laborious and fatiguing to the eyes. It was feared 
that the object might be too faint to appear upon the plates, and 
accordingly the faintest objects were carefully scrutinized. 

Each plate was examined by superposing it upon another plate of 
the same region taken with the same instrument. Two adjacent 
images then appeared of each star, while the planet, if present, would 
appear only on the upper plate. Numerous suspicious objects were 
thus found, including several images of the planets Flora (8) and 
Nysa (44), and two new variable stars, whose approximate positions for 

' Harvard College Observatory Circular No. 36. 
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1900 are in R. A. 8** 33.9", Dec. + 50° 29' and R. A. iS** 38.7", Dec. 
— 38° 52', were discovered. The star + 29° 551 fails to appear on 
ten plates which show other faint Durchmusterung stars, and two stars 
at R. A. 9** 11.4°, Dec— 10° 43' and R. A. 9** 11.5"", Dec. — 10° 16' 
appear upon the Durchmusterung charts and upon the photographic 
plates, but are not given in the Durchmusterung catalogue. 

At last a faint image was found on a plate taken on June 5, 1896, 
and confirmed by other plates taken on June 4 and 5. A plate taken 
on April 6 covered the region of the planet, which was readily found 
by means of its computed position. Mr. Chandler, from positions of 
these images, was enabled to furnish a corrected ephemeris for 1894, by 
means of which the planet was readily detected on several plates. The 
positions so far found are given below. The successive columns give 
the number of the plate, the date, the Greenwich Mean Time of the 
middle of the exposure, the length of exposure in minutes, the 
approximate right ascension and declination for 1875, ^^^ ^^ number 
of comparison stars used in the determination of the position. The 
instrument used is indicated by the letter in the first column, A 
denoting the 24-inch Bruce telescope which was then in Cambridge, B 
the 8 inch Bache telescope in Arequipa, and I the 8 -inch Draper tele- 
scope in Cambridge. The method of measurement is that described in 
the Harvard Observatory Annals y Vol. XXVI, p. 228. 



Plate 


Date 


G. M. T. 

h m 


Ex. 
m 




R. A. 


1875 


Dec. 1875 


Comp. 


■ 


y 


m 


d 


h 


m 


s 





t 


tn 




I IO215 


1893 


12 


19 


18 


21 


14 




45 


57.0 


- 


h54 


38 


41 


5 


I IO215 


1893 


12 


19 


18 


21 


14 




45 


57.5 


- 


-54 


38 


37 


5 


I IO321 


1893 


12 


27 


17 


32 


10 




44 


43-2 


- 


h50 


54 


45 


6 


I I 032 I 


1893 


12 


27 


17 


32 


10 




44 


42.8 


- 


h5o 


54 


43 


6 


I 10353 


1894 


I 


I 


17 


09 


59 




41 


34-5 




-47 


34 


± 


7 


A 246 


1894 


2 


16 


14 


49 


12 




29 


58.3 


— 


21 


45 


II 


A 246 


1894 


2 


16 


14 


49 


12 




29 


58.1 


— 


21 


41 


II 


B 10909 


1894 


4 


16 


14 


13 


10 


9 


17 


-+- 


— 13 


34 


i5± 


7 


B 10951 


1894 


4 


18 


14 


29 


10 


9 


21 


48 -^- 


13 


39 


I =h 


7 


B 15531 


1896 


4 


6 


20 


52 


60 


18 


37 


0.3 


-38 


32 


51 


6 


B 15531 


1896 


4 


6 


20 


52 


60 


18 


37 


0.5 


-38 


32 


48 


6 


B 16108 


1896 


6 


4 


16 


40 


70 


18 


30 


5-3 


— 40 


2 


46 


9 


B 16157 


1896 


6 


5 


19 


54 


10 


18 


27 


51.0 


— 39 


58 


17 


9 


B 1616S 


1896 


6 


5 


22 


04 


II 


18 


27 


39- 1 


39 


57 


53 


9 


B 16165 


1896 


6 


5 


22 


04 


II 


18 


27 


39.7 


— 39 


58 


8 


9 



I 1 032 1. Image 4** from center of plate and therefore distorted, 
but shows direction of motion. 
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I 10353. Spectrum plate, showing that the spectrum of this object, 
like that of the other planets and of the Sun, is of the second type. 

A 246. Image much distorted and elongated. 

B 1610S. Image much elongated owing to rapid motion. 

B 16157 Image very faint, near edge of plate, and therefore much 
distorted, but shows motion by comparison with fi 16165. 

The following ephemeris and elements have been computed by Mr. 
Chandler, by combining the observations of 1898 with those derived 
from the photographs taken December ig and 27, 1893, February 16, 
1894, April 6, 1896, and June 4 and 5, 1896. 



Epoch 1898, August 31.5, Gr. M. T 
M=zi\° 35' 45.6' 
<^=^ll'' 37' 56-0' 1 



ft := 2015.2326' 
loga = o.r637876 
Period ^^643. 1 o<i 



^ = 



9.8' 



A comparison of the observed positions with those obtained by 
computation is given below. The successive columns contain the date, 
the Greenwich Mean Time, the apparent right ascension and declina- 
tion, and the corrections to the ephemerides published in the Astro- 
tiomUal Journal, and that given above. The approximate value of the 
true anomaly is given In the last column. 



Due 


C.M.T 


*rr' 


lJ^«l 




0- 


c 






0- 


C 






R. A. 


D«. 


R. A. 


Dtc. 




3 12 19 
12 17 

4 16 

t 4 
6 5 
6 5 


h m 
iH 21 
17 3» 
17 09 
14 49 
14 13 
14 29 

20 S3 
16 40 

'9 54 

22 04 


7 47 29.4 

7 46 n.3 
7 42 59-8 
7 30 57-8 
9 17 S4.0 

9 22 ^2.6 

18 38 3°.l 
'8 31 37.4 
18 29 23.1 
18 29 (I.5 


-f54 35 50 
+50 51 57 

+47 3' ± 

— 13 39 16 

—13 42 2 

-38 31 42 

-40 Dl S2 

-39 57 »8 
—39 57 Jl 


r 


36,0 
16.7 
16.4 
16.7 


—4 

—5 

-5 

— S 


9 

6 


- 


I-3.S 
-0.7 

-1.9 

tl 

-7-4 
■3-0 

■D.9 

■0.9 


+> 
+1 
+1 
+1 


3 

3 
5 

8 
1 


— 30 

— 33 

— 19 

- 69 

- 7' 

-lis 

+ 142 
+ 142 

+■42 
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EPHEMERIS FOR GREENWICH MIDNIGHT AND EQUINOX OF 1894.O. 



Date 


R. 


A. 1894.0 


Dec 


1 894.0 


V 

-IV 28.3' 


log r 


log A 


Mtg. 


1893 Oct- 27.5 


h 

5 


m 
56 


s 
22 


+53^ 


18.6' 


O.I 120 


9.6713 


9.86 


31.5 


6 


8 


15 


54 


15.0 










Nov. 4.5 


6 


20 


3 


55 


4.8 


65 49.4 


.1038 


.6254 


9.59 


8.5 


6 


31 


39 


55 


49.6 










12.5 


6 


43 





56 


28.4 


59 57.6 


.0958 


.5778 


9.31 


16.5 


6 


53 


56 


57 


0.4 










20.5 




4 


18 


57 


25.1 


-53 52.8 


.0881 


.5285 


9.02 


24.5 




13 


59 


57 


41.3 










28.5 




22 


48 


57 


47.9 


47 35.4 


.0809 


.4772 


8.73 


Dec. 2.5 




30 


29 


57 


43.8 










6.5 




36 


54 


57 


27.4 


41 5-7 


.0743 


.4240 


8.43 


10.5 




41 


52 


56 


56.6 










14.5 




45 


19 


56 


8.8 


34 24.6 


.0684 


.3692 


8.13 


18.5 




47 


15 


55 


1.5 










22.5 




47 


41 


53 


31.0 


27 33.4 


.0634 


.3141 


7.83 


26.5 




46 


44 


51 


34.2 










30.5 




44 


37 


49 


7.4 


—20 33-5 


.0594 


.2615 


7.55 


1894 Jan. 3.5 




41 


34 


46 


7.8 










7.5 




37 


59 


42 


34.5 


—13 26.9 


.0565 


.2170 


7.31 


11.5 




34 


15 


38 


28.9 










15.5 




30 


45 


33 


55.4 


— 6 15.8 


.0548 


.1890 


7.16 


19.5 




27 


46 


29 


1.3 










23.5 




25 


30 


23 


58.6 


+ 57.5 


.0543 


.1850 


7.14 


27.5 




24 


6 


19 


0.1 










31.5 




23 


34 


14 


15.9 


+ 8 10.5 


.0552 


.2065 


7.25 


Feb. 4.5 




24 





9 


55.0 










8.5 




25 


20 


6 


1.3 


+15 20.7 


.0572 


.2475 


7.47 


12.5 




27 


37 


+ 2 


37.3 










16.5 




30 


46 


— 


18.0 


+22 25.7 


.0604 


.2994 


7.74 


20.5 




34 


41 


2 


46.8 










24.5 




39 


17 


4 


51.6 


+29 23.5 


.0647 


.3551 


8.04 


28.5 




44 


31 


6 


35.4 










Mar. 4.5 




50 


20 


8 


I.O 


+36 1 2. 1 


.0699 


.4111 


8.35 


8.5 




56 


41 


9 


10.7 










12.5 


8 


3 


32 


10 


8.5 


+42 50.3 


.0760 


.4654 


8.65 


16.5 


8 


10 


48 


10 


55.3 










20.5 


8 


18 


29 


II 


33-2 


+49 16.8 


.0828 


.5175 


8.94 


24.5 


8 


26 


30 


12 


4.0 










28.5 


8 


34 


50 


12 


29.1 


+55 30.9 


.0901 


.5672 


9.23 


Apr. 1.5 


8 


43 


25 


12 


49.3 










5.5 


8 


52 


»5 


13 


5.8 


+61 32.2 


.0979 


.6147 


9.50 


9.5 


9 


I 


18 


13 


19.6 










13.5 


9 


10 


34 


13 


31-3 


+67 20.6 


.1059 


.6604 


9.77 


17.5 


9 


19 


59 


13 


41.8 










21.5 


9 


29 


33 


-13 


51.7 


+72 56.1 


O.I 142 


9.7043 


10.03 



The brightness for 1898, August 24.5 is taken as 11.5 (log r= 
0.2396, log A = 9.8722). 
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The residuals O — C show that the object on each plate was surely 

the planet. They by no means represent the accuracy lo be expected, 

either incomputation when the perturbations of the Earth are included, 

or in measurement when time permits the use of more precise methods. 

Images have since been found on plates taken November 26 and 

December 23, 1893, and January 19, January 25, January 30, and 

February 5, 1894. 

Edward C. Pickering. 

December 26, 1898. 
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THE ORBIT OF v AQUILAE. 

By W. H. Wright. 

The variable velocity in the line of sight of the star rj Aquilae 
was announced by Dr. A. B^lopolsky in 1895, ^^^ discussed by 
him in some detail in this Journal.' This star is on the regular 
observing list made out some years ago by Professor Campbell 
for radial velocity determinations with the Mills' spectrograph. 
During the past summer its spectrum has been systematically 
photographed. In all, twenty-seven spectrograms have been 
secured by Professor Campbell and myself, and he has asked me, 
with the consent of the Director, to discuss the results. 

The methods employed in the processes of photography, 
measurement, and reduction are those described by Professor 
Campbell in the October number of this Journal. The matter 
of the selection of suitable lines for measurement requires the 
exercise of some discrimination on account of the nature of the 
spectrum, which is intermediate in type between I and II.' The 

'6,393-399. 1897. 

'There seems to exist quite a range of opinion regarding the type of the spectrum 
of iy Aquilae. One writer describes it as being of solar type. Another places it 
between II and III, and mentions its remarkable resemblance to that of 8 Cephei, 
which is regarded by him as being of the same type as Arcturus. There is undoubtedly 
a resemblance between the spectra of 17 Aquilae and 8 Cephei, the lines of the latter 
being, however, better defined, but it is difficult to reconcile their appearance with the 
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lines, which are fairly numerous, have the general characteristics 
of breadth and haziness, which tend to make them objectionable 
for purposes of accurate measurement. The difficulty, which is 
greatly augmented when the negative is at all underexposed, 
arises, not so much from an inability of the observer to deter- 
mine the center of a broad line, as from the vitiating effect of 
companion lines which under more propitious circumstances 
would be resolved. The question of interference of companion 
lines has been discussed by Professor Campbell in the article 
referred to above, and is only mentioned in the present instance 
to emphasize its importance in spectra of the type of 17 Aquilae. 
In the case of stars of type II the presence of unresolved com- 
panions may sometimes be inferred from solar spectrum analo- 
gies. In other cases, such as the present one, recourse must be 
had to the appearance of the line, and, in a sense, to the general 
agreement of its position (as measured on many plates) with 
that of a large number of other lines. To illustrate, the lines 
X X 4344.670 and 4359.784 are broad, and their centers are 
shifted to the violet by an amount greater than the uncertainty 
of measurement, and they have not been employed. The fol- 
lowing is a list of lines that have been used in determining the 
velocities of this star : 



A 


A 


A 


A 


4278.390 


4330.405 


4341.530 


4415.722 


82.565 


30.866 


52.908 


16.985 


94.936 


3I.81I 


55-257 


17.884 


4313.034 


33.925 


76.107 


30.785 


16.962 


37.216 


88.571 


35.851 


25.152 


38.084 


89.413 


37.112 


25.939 


38.430 


94.225 


42.510 


28.080 


40.634 (i^vl 


1 QQ.935 





On an average about twelve lines were measured on each plate, 
the available number depending upon the quality of the negative. 

statement that they resemble the spectrum of Arcturus. While they have many lines 
in common with the latter, their general appearance is entirely different. The Draper 
Catalogue classes the star as " G ?," which, barring the interrogation, would place it 
between I and II, where, in the opinion of the writer, it belongs. 



ORBIT OF V AQUILAE 6 1 

It is hardly necessary to detail here the results obtained from 
the individual lines of each plate. To illustrate their general 
degree of accordance, however, the results from plates 791 B, 
901 A, and 994 A are given in full : 





791 B 


90Z A 


994 A 


4294.936 


-35.5 






4303-337 


34.4 






13-034 


31.4 


+ 27.9 


+ 28.8 


16.962 


32.3 


30.0 




25.152 


35.1 


25.9 


30.5 


25.939 


33.2 


26.7 


30.3 


28.080 


36.3 




32.7 


30.866 


31.9 






37.216 


33.2 


26.4 


30.6 


38.080 


34.8 


26.2 




38.430 


38.9 






40.634 




26.3 




41.530 


35.8 






55.257 


37.1 




29.0 


69.941 


32.2 






76.107 


35.0 


24.7 


26.1 


94.225 


34.8 


21.3 


26.9 


•99.935 


35.1 




24.3 


4415.722 


32.6 






16.985 




21.7 




30.785 


34.4 






35.851 




23.9 




37.111 


36.1 






42.510 


33.2 


27.0 


29.7 



Means - - - —34.44 +25.66 +28.89 

Correction for curvature — 0.76 — 0.63 — 0.69 
Reduction to O - - + 9.98 —16.98 —27.38 



—25.2 + 8.0 + 0.8 

Results of the measurements are given in column 5 of Table 
I, which will not need explanation except with regard to the 
system of weights used. The assignment of weights is generally 
more or less of an arbitrary matter, and after some consideration 
the following system was adopted : 
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Plates upon which less than eight lines were measured, wt. = y^. 

Plates upon which between eight and twelve lines were measured, wt = % . 

Plates upon which more than twelve lines were measured, wt. ~ i. 

Assuming with B^lopolsky an orbital period equal to that of 
the light variation of the star (7.176 days), the velocity curve 




Fig. I. 

was drawn in the usual manner. In Fig. i the abscissae repre- 
sent time intervals counted from the preceding light maxima,' 
and the ordinates, velocities in the line of sight in kilometers 
per second. The dotted line AB indicates the velocity of the 
center of mass of the system, the upper and lower areas having 
been adjusted to equality by means of a planimeter. Adopting 
the formulae and notation of Lehmann-Filh^s,* the following 
constants and elements have been computed : 



ELEMENTS I. 

A = 23.9 km, greatest positive velocity' in the line of sight. 

^=16.2 km, numerical value of greatest negative velocity ' in 
line of sight. 

/j— /l^3.95^ time during which the velocity curve is below the 

line AB, 

' In computing the light ephemeris Schur*s elements have been used : A. A^., 3282 ; 
also Chandler " Third Catalogue of Variable Stars," A.J,^ 379. 

M. N., 3242. 

3 Referred to the center of mass of the system. 
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-^ ^ ^, ratio of greatest distances of star above and below 

Sn loo 

reference plane, 
i/j = 101°, point for which velocity in line of sight = o. 
i/j ^ 259^, point for which velocity in line of sight = o. 
U^ 7.1 76^ period (assumed). 
0)= 65.79*', position of periastron. 
^^0.47, eccentricity of orbit. 
7^6.176, time of periastron passage. 
a sin i-=^ 1,545,000 km. 

The residuals for these elements are given in Table I, column 
7. It will be seen that the one corresponding to observation 




Fig. 2. 



No. 26 is larger than would be expected from the general accord- 
ance of the rest. A somewhat extended experience at this 
Observatory in the determinations of radial velocities of stars 
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leads us to the conclusion that a residual of 4.8 km is not to be 
expected as the result of ordinary accidental errors of observa- 
tion. It is above the limit set by the various criteria for the 
rejection of doubtful observations, and was taken to indicate the 
presence during some part of the manipulation of the plate of 
an abnormal source of error. The observation was accordingly 
rejected. 

The velocity curve computed from Elements I is given in the 
upper part of Fig. 2. 

A final adjustment of the observations was then undertaken, 
and ten normal residuals formed, as indicated in Table II. The 
form of the equations of observation is that developed by Leh- 
mann-Filhes, except that the correction to the period has been 
assumed to be zero, and the correction to the velocity of the 
system introduced as an unknown. The following observation 
equations result : 



wt. a b e d e m 



2, -h 10 


.002/ -f- I 5.20/ 


r — 4.o«M 


— 2.00 i 


^ — 7.93/ 


C -H 3-0 - 


2, 


+ 20.3 


+ 0.8 


- 4.7 


— 6.9 


+ 4.3 = 


2, 


+ 19.2 


+ 4.8 


- 5.6 


5.5 


— 1.3 — 


3. 


+ 13.7 


+ 8.1 


- 6.1 


- 3.6 


— 1.7 = 


3. 


' + I.I 


+ 10.9 


- 7.2 


— 0.4 


— 4.2 = 


2, 


• - 21.4 


+ 1 0.0 


- 10.8 


+ 5.7 


— 2.7 = 


2. 


- 23.8 


+ 7.1 


— 12.3 


+ 8.1 


+ 5.0 = 


2, 


• + 6.4 


- 7-9 


- 1.3 


+ 11.9 


— 2.7-0 


I, 


• — 20.6 


-28.6 


+ 51.2 


+ 1.3 


+ 3.0-0 


I, 


-17.7 


- 18.6 


+ 13.8 


- 6.8 


+12.0 = 



In order to render these equations more nearly homogeneous, 
the coefficients a, e, and the residuals m have been multiplied by 
ten. Following are the resulting normal equations, the loga- 
rithms of the coefficients being given instead of their numerical 
values : 

3 .30103057/ +2 .5786395<?+'2 .4742i6w3 

2 .578639 3 .737272 2 .687529 

2 .474216 2 .687529 3 .349472 

2„ 694605 3« 01 1993 3« 399847 

I « 826075 3ff 102091 I .623249 
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-h 2n 6946055 r+ \n 8260753/^+ I .986772 = O 

3« 01 1993 3« 102091 In 448706 = O 

In 399847 I .623249 In 66931 7 = O 

3.572639 2«i3672i 2« 531479 = 

2n 1 3672 1 2 .929930 2„ 232996 = O 

The solution of these gives : 

87/ = — 0.065km zb 0.06 ±0.17 

he =■ -\- 0.0187 rh 0.005 ± 0.014 

8„ = -j- 3.12 ± 0.65 dr 1.95 (radians) 

37'= + 0.034 ±0.009 ±0.028 

«^= -f 0.50 =h 0.35 dr 0.35 

The probable errors first given are those resulting from the 
residuals to the observation equations. An inspection of Fig. I, 
however, will show that the component observations of each nor- 
mal place happen to fall rather symmetrically about the velocity 
curve. This condition would tend to produce a better agreement 
of the normal places among themselves than would be expected 
from the degree of consistency of the individual observations. 
The probable errors computed from the latter follow the others, 
and are regarded as more reliable. 

In the determination of corrections by means of first differ- 
ential coefficients, numerical checks should be applied for the 
purpose of testing the accuracy with which the differential rela- 
tions hold when the finite corrections are substituted for the dif- 
ferentials. In the present case this is done by computing the 

sight (g). 

II, for the times corresponding to the normal places; then the 
values of 

*'(S)=(S)„-Q. 

should agree within reasonable limits with those of 

obtained from the observation equations by omitting the first and 



velocities in the line of sisfht \-t\, from both elements I and 
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last terms. These quantities are tabulated in columns 6 and 7 
of Table II. The discrepancy in the case of (8) arises from the 
rapid variation of the coefficient b with the time : but it is not 
large enough sensibly to affect the result. 




Fig. 3. 



The following are the final elements : 



e = 
T= 



14.16km 

0.489 
68.91° 

6.210** 



/C= 20.59 ± 0.35, — := sin /. 

1 /> 



ELEMENTS II. 

0.17 km velocity of system in line of sight. 
0.014 

1-95° 
0.028** 

/ 
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As being of possible interest in connection with the matter 
of the star's light variation, the light curve due to Schur is given 
in the lower part of Fig. 2. A diagram of the orbit is also 
appended. The positions of the star at principal maximum and 
minimum are indicated by Max. and Min., those at the secondary 
phases by Max.g and Min. 3. /^indicates the position of peri- 
astron. 

I wish to acknowledge the advice and assistance of Professor 
Campbell, given during the progress of this research. 

TABLE I. 



Obs. No. 


Plate No. 


Date 


Days after 
Lignt Max. 


Vel. 


Wt. 


o-c 

Elem. I 


O-C 
£lem.II 


I 


781 B 


June 21.882 


1.662 


— 25.3 


% 


— 1.2 


1-3 


2 


789 c 


27.901 


0.504 


— 30.6 


% 


— 0.9 


— 0.4 


3 


791 B 


28.887 


1.490 


— 25.2 


I 


— O.I 


— 0.2 


4 


795 D 


July 4.930 


0.357 


30.4 


I 


-0.3 


+ 0.3 


5 


799 C 


5.858 


1.285 


— 24.5 


% 


+ 1.7 


+ 1.7 


6 


810 C 


12.903 


1. 153 


— 27.7 


% 


— 0.8 


— 0.7 


7 


26 B 


19.867 


0.941 


-28.6 


% 


— 0.6 


— 0.5 


8 


46 B 


26.821 


0.719 


28.8 


% 


+ 0.1 


-4-0.4 

-i-0.6 


9 


54 A 


Aug. 2.729 


0.450 


— 29.8 


% 


+ 0.1 


10 


57 A 


6.798 


4.519 


- 0.3 


% 


+ 2.2 


+ 2.3 


II 


61 A 


7.727 


5.448 


+ 9.0 

+ ".4 \ 

+ 11.4 5 


% 


4-0.5 


+ 0.5 


12 


( 62 B^ 
\ 62 B* 


7.791 


5.512 


'A 


+ 2.4 


+ 2.4 


13 


64 A 


8.724 


6.445 


— 14.1 


% 


+ 1.7 


+ 2.0 


14 


68 A 


15.728 


6.273 


— 9.2 


% 


— 2.3 


— 2.2 


IS 


77 B 


19.753 


3.I21 


— 14.6 


% 


+ 0.2 


0.0 


16 


83 B 


21.758 


5.126 


+ 2.7 


% 


— 2.0 


— 1.9 


17 


86 A 


25.685 


1.877 


— 23.6 


I 


— 0.7 


0.9 


18 


87 B 


25.742 


'.934 


— 20.6 


I 


+ 2.0 


+ 1.8 


19 


92 A 


26.687 


2.879 


— 16.6 


I 


— 0.1 


— 0.4 


20 


( 95 A^ 
( 95 A 


28.697 


4.889 


+ 1.5 J 
+ 1.75 


% 


— 0.1 


0.0 


21 


901 A 


^9.672 


5.864 


+ 8.0 


I 


— 0.6 


— 0.7 


22 


09 A 


30.676 


6.868 


— 28.8 


I 


— 1.2 


+ 0.3 


23 


32 D 


Sept. 9.726 


2.565 


— 19.5 


I 


— 0.8 


— I.I 


24 


47 A 


17.643 


3.298 


— 12.4 


I 


+ 1.1 


-1-0.8 


25 


48 A 


18.671 


4.334 


- 6.7 


% 


— 2.1 


— 2.2 


26 


} 86 A^ 
\ 86 A 


Oct. 9.640 


3.773 


— 13.5} 

— M.3 ) 


I 


— 4.8 




27 


94 A 


10.637 


4.770 


+ 0.8 


% 


-4-0.5 
+ 07 


-1-0.7 


28 


1008 B 


17.733 


4.690 


+ 0.1 


% 


4-0.9 



* Measured and reduced by Professor Campbell. 
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TABLE II. 



No. 



( I) 
( 2) 

< 3) 
( 4) 
( 5) 
( 6) 

( 7) 
( 8) 
( 9) 

(10) 



0.43 
0.94 

1.48 

2.12 

3.10 

4.51 

4.93 
5.67 
6.36 
6.87 



Obs. used 



2, 4, 9 

6, 7, 8 

I. 3. 5 

17. 18, 23 

15, 19, 24 

10, 25, 28 

16, 20, 27 

11, 12, 21 

13. M 
22 



m 


Wt. 


— 0.36 


2 


— 0.43 


2 


+ 0.13 


2 


+ 0.17 


3 


+ 0.42 


3 


-f 0.27 


2 


— 0.50 


2 


+ 0.27 


2 


— 0.30 


I 


— 1.20 


I 



dt 



— 0.46 

— 0.08 

-j-0.16 

+ 0.31 

+ 0.35 
+ 0.06 

— 0.07 
+ 0.24 

— 0.17 

— 1.22 



dt 



— 0.43 

— 0.06 

-ho.i8 
+ 0.32 

-ho.35 
+ 0.07 

— 0.08 
-fo.i8 

— 0.13 

— 1.23 



O-C 
Elem. II 



+ .13 

— .31 
+ .01 

— .09 

+ .»3 
+ .26 

-•36 

+ •15 

.II 

+ .09 



Lick Observatory, 
January 1899. 



ON THE SCALE OF KIRCHHOFFS SOLAR SPECTRUM.' 

By J. H A R T M A N N. 

The remarks on Kirchhoff' s spectroscopic apparatus com- 
municated by Professor Vogel to the physical-mathematical 
section on February 17 of this year have again excited interest 
in the historic instrument with which Kirchhoff made the obser- 
vations for his map of the solar spectrum. This, therefore, seems 
an appropriate time to settle finally a question which has often 
been raised as to the Kirchhoff spectrum, namely, the meaning 
of Kirchhoff's .scale-divisions and their conversion into wave- 
lengths. 

Kirchhoff placed above his drawing of the spectrum a milli- 
meter scale with an arbitrary zero-point for the sole purpose of 
convenience in designating the lines that were entered on the 
map. No simple relation exists between the scale-readings 
of the separate lines and their wave-lengths, because, as Kirch- 
hoff expressly stated, the prisms were set now more, and again 
less, accurately for the minimum of deviation of the rays to be 
measured. As the necessity developed of introducing the nat- 
ural scale of wave-lengths in place of Kirchhoff's arbitrary divi- 
sions, a purely empirical mode of conversion therefore had to be 
employed. By introducing the wave-lengths of certain lines as 
measured elsewhere, and assuming that Kirchhoff's scale was at 
least continuous, the wave-lengths of the remaining lines could 
be interpolated graphically or by calculation. The large number 
of attempts to solve the problem of accurately converting Kirch- 
hoff's scale-readings into wave-lengths is explained by the wide 
employment of the Kirchhoff spectrum — on account of the 
accuracy of the map, which was not surpassed for several decades 
after its publication — as well as by the difficulty of the problem 
itself. 

' Presented by Professor Vogel at the session of the physical -mathematical section 
of the Berlin Academy on November 17, 1898. Translated from the SUtungsberichU 
of the Academy. 
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The first work in this field was published by W. Gibbs in 
1867.* He drew an interpolation-curve on a large scale, based 
on 1 1 1 lines measured by Angstrom and Ditscheiner and reduced 
to Angstrom's wave-length of the D line, from which he took 
out the wave-length corresponding to every tenth Kirchhoff 
scale-division K, Inasmuch as a sufficient number of normal 
lines was lacking in the portion from A to C, his table included 
only the region from K= 700 to A!'^: 2870, corresponding to the 
wave-lengths 655 /a/a to 430/^/11. In a second paper* Gibbs 
employed numerical instead of graphical interpolation, using as 
an interpolation formula the series 

\^a-\-bK-\-cK''-\-dK^-\- . . . 

As he had found that the whole Kirchhoff spectrum could not 
be represented by a single series of that sort at one time, he 
divided the spectrum into twelve parts, apparently limiting these 
sections by the purely superficial rule that each should contain 
ten normal lines. It now appeared that the interpolation formula 
took very different shapes for the different sections, as is easily 
seen from the following table : 





Kirchhoff 








Section 




Length 


Highest power 


Value of c 








Beginning 


End 








I 


694.1 


877.0 


42.4 jUf* 


3 


+1.0 


2 


877.0 


1135.1 


42.7 


4 


-5.6 


3 


II35.I 


1303.5 


20.4 


3 


+ 1.5 


4 


1303.5 


I421.5 


13.6 


3 


+2.2 


5 


I42I.5 


1577.6 


14.4 


3 


—0.7 


6 


1577.6 


1750.4 


12.8 


3 


+0.9 . 


7 


1750.4 


1920.2 


II.5 


3 


— 0.2 


8 


1920.2 


2067.1 


1 1.2 


3 


4.2 


9 


2067.1 


2250.0 


16.3 


I 


0.0 


10 


2250.0 


2547.2 


21. 1 


I 


0.0 


11 


2547.2 


2721.6 


1 1.4 


3 


—0.5 


12 


2721.6 


2869.7 


8.4 


4 


+2.1 



'"On the construction of a normal map of the solar spectrum." Am, Jour, ScL% 
(2) 43, I, 1867. 

* " On the measurement of wave-lengths by the method of comparison." Am. 
Jour, Sci.f (2) 45, 298, 1868. 
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As the next to last column shows, the interpolation curve is 
a straight line in the ninth and tenth sections, a parabola of the 
fourth order in the second and twelfth sections, and a parabola 
of the third order in the remaining sections. The frequent 
change of the sign of c shows further that the curve is very 
irregular in its different sections, being sometimes convex and 
sometimes concave upward. Since Kirchhoff's measures are very 
well represented by this curve, we must conclude that the disper- 
sion of Kirchhoff's spectrum exhibits irregular and very marked 
variations. 

In a third paper,* from which the above table was taken, 
Gibbs gave certain corrections to his previous values. He fur- 
ther showed that in the ninth and tenth sections the observations 
are no better represented by parabolas of the second, third, and 
fourth orders than by a straight line, whence he concluded that 
the parabolas of higher orders given by the equation 

\ = a-\-bK-\-cK*-^dK^-\- . . . 

are not suitable for representing these parts of Kirchhoff's spec- 
trum. In this paper Gibbs employs his formulae finally to calcu- 
late the accurate wave-lengths on Angstrom's system of all the 
lines which Kirchhoff observed in terrestrial spectra. We can 
safely say that Kirchhoff's measures are reduced to wave-lengths 
as accurately in these very careful researches by Gibbs as was in 
any way possible with the means available at that time. 

A less favorable opinion must be expressed on the contem- 
poraneous papers by Airy.' He employed the same series as an 
interpolation formula, but he assumed that the whole of Kirch- 
hoff's spectrum could be represented by a single formula of that 
sort, and therefore based his computations solely on the five 
normal lines absolutely necessary for the determination of the 
five constants of the parabola of the fourth order, the lines being 
the five measured by Fraunhofer, C, D, E, F, and G. When he 

'"On the wave-lengths of the spectral lines of the elements." Am. Jour. Sci.^ 
(2) 47, 194, 1869. 

'"Computation of the lengths of the waves of light corresponding to the lines in 
theMispersion spectrum measured by Kirchhoff." Phil. Trans.t 158, 29, 1868. 



72 /. HARTMANN 

learned, during his calculations, of Ditscheiner's measures, he 
adopted from them the new determinations of the wave-lengths 
of the five lines mentioned, but instead of connecting his inter- 
polation with all the 107 Kirchhoff lines measured by Ditscheiner 
he added the line B as a sixth normal, at the same time intro- 
ducing the fifth power of K into his interpolation formula. He 
then computed with this formula the wave-lengths of all the lines 
of Kirchhoff's spectrum. A comparison of his values with the 
wave-lengths of numerous lines directly measured by Angstrom 
and by Ditscheiner now convinced Airy that the wave-lengths 
calculated from his interpolation formula gave the true values 
for the six normal lines only, but were extremely in error 
between each two normal lines, the error reaching 145 Kirchhoff 
units between F and G. 

Airy now sought for an explanation of these large errors^ 
and since they did not exhibit any jumps between the normal 
lines, which he supposed would have been the indication of a 
change in the setting of Kirchhoff's prisms, he concluded that 
the cause of the discrepancies between calculation and observa- 
tion could be found only in one of the three following points : 
First, the interpolation formula employed might be unsuitable 
tor the purpose ; secondly, a change of the method of observa- 
tion might have been made by Kirchhoff in case of just the 
six normal lines employed ; thirdly, this change might have 
been made by Ditscheiner and by Angstrom. Airy did not con- 
sider as probable the two last named explanations, and, there- 
fore, he held the interpolation formula responsible for all errors. 
In several places in his paper he states that he considers Kirch- 
hoff so good an observer that surely no large error, probably no- 
noticeable error in the map of the spectrum could have arisen 
from the changes in the setting of the prisms. We see that this 
view is in direct contradiction with the conclusions drawn from 
Gibbs* figures, and I shall show below that Airy's assumption 
was not at all appropriate to the case. Several years later, con- 
vinced of the inadequacy of his method of interpolation. Airy 
corrected his former results by a graphical process, and gave a 
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new table' of the wave-lengths of all of Kirchhoff' s lines. This 
table may be considered as about equal in value to that of Gibbs. 

A means of converting Kirchhoff's scale readings into wave- 
lengths was given, in a somewhat different form, by Stoney.' 
He proposed that the scale of wave-lengths be drawn directly 
along with Kirchhoff' s spectrum, and, since the intervals of the 
new graduation are not equal, he gave the positions on Kirch- 
hoff's earlier millimeter scale where the division marks should 
be entered. His figures are based upon fifty-five of Angstr6m*s 
lines, and seem to fulfill their purpose entirely. 

Two years after Stoney, but it seems entirely independently of 
him, Thalen3 issued a quite analagous table, but like Gibbs he 
did not treat the part of the spectrum most difficult to convert^ 
from A to C. On the other hand, Thalen's table extends beyond 
G, the limit of Kirchhoff's map, to H, referring for this part of 
the spectrum to a continuation of Kirchhoff's map published by 
Thal^n himself in 1865.'* The irregularity of Kirchhoff's scale 
is clearly brought out by these tables of Stoney and Thalen. 
Note for instance, the differences in the following portion of 
Thalen's table : 



A 


K 

• 


Diff. 


A 


K 


Diff. 


4300 


2867.2 




4900 


2029.9 


II7.7 


4400 


2693.0 


174-2 


5000 


1894.7 


135.2 


4500 


2538-0 


155.0 


5100 


1748.0 


146.7 


4600 


2396.7 


141.3 


5200 


161I.O 


137.0 


4700 


2267.4 


129.3 


5300 


1489.2 


I2I.8 


4800 


2147.6 


1 19.8 


5400 


1393.8 


95-4 



In the two editions of his I?idex of Spectra^ Watts gave two 
different conversions of all the lines observed by Kirchhoff in 

'"Corrections to the computed lengths of waves of light published in the Philo- 
sophical Transactions of the year 1868." PhiL Trans.^ 162, 89, 1872. 

»*• On the physical constitution of the Sun and Stars." Proc, R. 5., 17, 17, 1868-9. 

3"M^moire sur la determination des longueurs d'onde des raies m^talliques.'*" 
Ann. de Chim. et de Phys. (4) iS, 21 1, 1869. 

^K. Vetenskaps-Akademiens Handlingar^ Stockholm, 1865. 

5 First edition, London, 1872; second edition, Manchester, 1889. 
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the spectra of terrestrial substances. In the earlier edition the 
wave-lengths are given to four places, in the later edition to five 
places, being derived by means of graphical interpolation from 
Angstr5m's absolute determinations. When he carried out a 
similar conversion for Huggins' spectrum it appeared that the 
curve of interpolation for the latter was in fact smoother, but 
fitted the individual lines less well than the curve drawn for 
Kirchhoff's spectrum. Watts concluded from this that Kirch- 
hoff's measures were more accurate individually than those of 
Huggins, but that the latter formed a uniform system, which is 
not the case with those of Kirchhoff. 

More accurate fundamental determinations of wave-lengths 
having been meanwhile carried out, Hasselberg* published in 
1878 a new conversion table quite analagous to that of Gibbs. 
It is obtained by graphical interpolation from a large number of 
lines taken from Angstrom's Recherches sur le spectre solaire. 
This table probably reaches the limit of accuracy possible by a 
graphical process in the transformation of Kirchhoff' s scale- 
divisions into wave-lengths of Angstrom's system. Hasselberg's 
table also begins at B, and furnishes no points of reference for 
the part of the spectrum most difficult to transform, from A to B. 

Beside these more extensive researches, which aimed at a 
reduction of the whole or nearly the whole of Kirchhoff' s spec- 
jtrum, we shall now mention briefly several less important papers 
in which the wave-lengths were determined for only a limited 
number of Kirchhoff's lines. 

Ditscheiner's* direct measurement of the wave-lengths of 107 
of Kirchhoff's lines first deserves mention. In this investigation 
on which the above researches of Gibbs and Airy are based, 
Ditscheiner most carefully identified on Kirchhoff's spectrum 
the lines whose wave-lengths he had measured. For this pur- 
pose he measured a large number of lines not only in the dif- 
fraction spectrum, but also in the spectrum of a flint glass prism 

*"Zur Reduction der Kirchhoff' schen Spectralbeobachtungenauf Wellenlangen.'* 
Bull, de VAkad, de St, Peiersbourg^ 25, 1 31, 1879. 

' "Bestimmung der Wellenlangen der Fraunhofer'schen Linien des Sonnenspec- 
trums." Siizungiber. der Wiener Akad. 50, II ,296, 1864. 
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of 60° angle. The prismatic spectrum thus obtained could be 
directly compared with Kirchhoff' s map, thereby rendering pos- 
sible a sure identification of the lines. 

A similar series of observations, which have received little 
attention, was published byWeinhold' in 1869. In measuring 
the wave-lengths of 128 of Kirchhoff's lines he employed the 
interference bands which arise in the prismatic spectrum, parallel 
to the Fraunhofer lines, when the light is made to interfere before 
entering the slit by reflection from a sheet of mica. • 

Angstrom himself only identified a few of his lines on Kirch- 
hoff's map, but tables giving both Kirchhoff's designation and 
Angstrom's wave-lengths may be found in works of various 
authors, as for instance d'Arrest," Secchi,3 and Young.-^ The 
last of these tables was copied in the text-books on spectrum 
analysis by Schellen and by Roscoe. 

Since the appearance of Rowland's great atlas of the solar 
spectrum, produced by direct photography and provided with an 
accurate scale of wave-lengths, it is easy to obtain the wave- 
length corresponding to every line drawn by Kirchhoff. The 
identification of Kirchhoff's lines among the much more numer- 
ous lines of Rowland's spectrum, offers in general no difficulties ; 
it is indeed really a pleasure to observe the accuracy with which 
the impression of complicated close groups, for the resolution 
of which Kirchhoff's apparatus was insufficient, is reproduced in 
the drawing by the different degrees of blackness and width of 
the lines. I have carried out this identification for large por- 
tions of the spectrum, but I do not publish here a complete cata- 
logue of all of Kirchhoff's lines, for a comprehensive list of that 
sort would have at present only slight value. I wish here only 
to investigate how far Kirchhoff's map differs from a correctly 
drawn prismatic spectrum, how the discrepancy arose, and how 

* "Ueber eine vergleichbare Spectralscale." Pogg. Ann.y 138, 417, 1869. 
'" Undersogelser over de nebulose Stjeraer." Kopenhagen, 1872, p. 28. 
3 "Die Sonne," deutsch von Schellen. Braunschweig, 1872. Vol. I, p. 246. 
♦" Catalogue of bright lines in the sjectrum of the solar atmosphere." Am, Jour, 
•S«'- (3) 4, 356, 1872. 






;r' i»ii «: iy.r.-c V ru 'tritrtriiiLt *: iiif^ jtzirinr rx.' 1:11* tiii Simis*: 

♦iv^, \\ \ r. .•-/, C/T^ i<r^r,c :f tit 1 . Tii* ^^ ^t-.s. ^^ic mnh tiiis 



ii'r^t'* ,.', '.:^:,i v.h*T civtr*. In bctii szertra tie position of a 
,,,v "^^ '/^ r/jL'MX'f*s\%' calc-lated fros: its iziex of refraction. 
Vr^ *r»^' \f/f::, .\^, *r^ totally di^erect in the two cases. Moreover 
O^/- »;#/': ,^f*;/rh of a line can be directly calculated from its 
\f*rMU/tu \u Sf't^'u \\tKfXx'A by a simple dispersion formula which I 
\\A /» \fro*tyUf iorw^rd in a s[x:cial paper » Potsdam Publications, 
V//I XII, No, 42;^ 

A'^of/lin;/ Ut the clear explanation of the mode of conduct- 
tfi^^ Ui^ ol/n/!fv;tti/ins, ^fivcn by Kirchhoff himself, his spectrum 
W/f4 not ttt*"*i^itrri\ in one piece, but the prisms were differently 
imI|m>J'/| for iIm! different parts. In Kirchhoff's spectrum 
w tJMpfoM' liavr before us a succession of adjacent «-spectra. 

l'M:;l »i rompariion of Kirchhoff's map with the ideal spec- 
fiMMi of liin fi|H'( troincrler is interesting. From the angles of 
flu piltiiiin itiid iiMlitrs of refraction given in the paper by 
ThiIi t)t}iii Vu^^rl, nirnlioned at the beginning, we derive the 
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minimum deviations of the following table, which can then be 
converted into Kirchhoff's units by means of the relation 
i°=295.83 K.^ 



Line 


Index n 


Minimum of deviation 


B 


1.6093 


140^29 '20'^ 41500 (Hy) K 


C 


I.61IO 


140 56 16 =-41693.6 


D 


I.6158 


142 12 28 — 42069.4 


^ 


1.6230 


144 7 10 - 42635.0 


F 


1.6275 


145 19 10 - 42990.0 


Hy 


1.6375 


147 59 58 =-43782.8 



The difference between the successive numbers of the last 
column gives the extent which the respective portions of the 
ideal spectrum would have for Kirchhoff's apparatus. A com- 
parison of these sections with the corresponding parts of Kirch- 
hoff*s map furnishes the following table : 



Section 


Ideal spectrum 


Kirchhoff's spectrum 


Difference K-I 


B-C 

C-D 

D-*i 

^-F 

Y-Hy 


132.8 A' 

375.8 
565.6 

355.0 
792.8 


100.6 K 

310.7 
629.3 

445.9 
716.2 


-32.2 K 
— 65.1 

+63.7 
+90.9 

-76.6 



Kirchhoff's spectrum therefore does not correspond at any 
point to the dispersion obtained with the prisms accurately 
set for the minimum deviation of just the rays being observed. 
The scale of the map is too large in the middle portion of 
the spectrum from D to F, which was observed by Kirchhoff 
himself, and is too small in the exterior portions measured 
by Hofmann. The irregularity of Kirchhoff's scale is so con- 
siderable that, for instance, the portion of spectrum from B to D 

' Kirchhoff^s scale divison is equal to one eighteenth of a revolution of the measur- 
ing screw, which is almost tangentially attached and which has a head divided into 180 
parts. The angular motion of the observing telescope corresponding to this revolu- 
tion is in consequence of the mode of attachment of the screw not constant, but 
variable by about I per cent, of its whole value. The number given above is the 
mean, obtained when the whole length of the screw is used. 
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should be drawn 45 percent, larger, or almost half of the whole 
length greater, if it is to be reduced to the same scale as the 
stretch from D to F. 

The direct measurement of the ideal spectrum — that is, the 
observation of every line at its minimum deviation — would have 
been so extremely laborious with his spectroscope that Kirchhoff 
was fully justified in contenting himself with only approximating 
this spectrum. In order to prevent misunderstanding he there- 
fore himself called attention to the irregularity of his scale. As 
a matter of fact, it would have been much more convenient, both 
in making the measures and in reducing them to wave-lengths, 
if the prisms had been left unchanged in position for the whole 
spectrum. It appears that the length of the measuring screw as 
well as the aperture of the prisms and observing telescope was 
sufficient for measuring the whole Kirchhoff spectrum from A to 
G in one piece. In this way. with the prism-train accurately 
adjusted for the minimum deviation of F. I have repeated the 
measurements of the principal lines of the whole spectrum, and 
give a comparison of this series of observations with Kirchhoff's 
scale-readings in the following table : 
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-- spettnxm 
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-737-3 
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2^04-1 


-^54-4 


" 
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We see that the whole length of Kirchhoff's spectrum from 
A to H^ aiirrees e.xactly with that of the F-spectrum ; there is 
also a line between D^ and b^ which falls at its right place; all 
the preceding lines are too far toward the red, and all the suc- 
ceeding lines too tar toward the violet, whence again it follows 
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that the middle part of the spectrum was drawn too large, and 
the beginning and the end too small. If we again calculate the 
extent of the same sections as in the previous table we get the 
following results : 



Section 


^•spectrum 


Kirchhoffs spectrum 


Difference {K-F) 


B-C 
C-D 

F-//7 


1 16.7 /r 

331.5 
539-9 
353.4 
828.5 


100.6 K 

310.7 

629.3 

445.9 
716.2 


- i.itAT 

- 20.8 

+ 89.4 

+ 92.5 

- 1 12.3 



The deviations from the F-spectrum lie in the same direction 
and are of the same order of magnitude as in case of the ideal 
spectrum, furnishing a complete confirmation of what was said 
above, on comparing Kirchhoff's map with the ideal spectrum. 

As has been shown in what precedes, Kirchhoff's spectrum is 
composed of a number of parts measured with different disper- 
sion, and it is important to determine accurately the extent of 
these separate parts. A little while ago such an investigation 
could hardly have been carried out, but since the discovery of 
the new dispersion formula mentioned above, it no longer pre- 
sents difficulties. If we denote, as heretofore, Kirchhoff's scale- 
reading by K and the wave-length by X, the formula reads : 

Xo» ^o» and c are constants, to be determined from the obser- 
vations ; if it is desired to represent the whole spectrum by the 
formula, a is to be given the value 1.2 ; if we limit ourselves to 
the representation of shorter stretches of the spectrum, a may 
be simply placed equal to i. As an illustration of the first men- 
tioned application of the formula, we shall convert into wave- 
lengths the values of AT, given above, from my measurement of 
the F-spectrum. Employing the three lines A, d^, and G, we 
get the formula : 

[6.332465] 



(A — 225.10)'' = 



^+738.3 ' 
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from which the following wave-lengths are calculated. For pur- 
poses of comparison I have appended Rowland's wave-lengths. 



Line 



A (space). 
B (edge). 

C 

D, 

br 

F 

Hy 

G 



K 



401.2 

627.3 

744.0 

1073.8 

1615.4 

1968.8 

2797.3 
2864.1 



A calculated 



761.88 
686.72 
656.23 

589.77 

518.37 
486.10 

434.03 
430.80 



A Rowland 



761.90 

686.75 
656.30 

589.62 

518.38 

486.15 

434.06 

430.80 



Di£ference 



— 0.02 

— 0.03 

— 0.07 

+ 0.15 

— O.OI 

— 0.05 

— 0.03 
0.0 



We see that the formula gives the correct wave-lengths for 
the whole spectrum. 

A precisely similar conversion must now be possible for 
Kirchhoff's spectrum, except that a special formula must apply 
to each of the separate sections measured with unchanged setting 
of the prisms. On account of the limited extent of the separate 
parts it is here permissible to simply place a = i. The points 
at which changes were made in the adjustment of the apparatus 
betray themselves by the fact that the formula which had previ- 
ously well represented the observations there suddenly begins to 
be inapplicable. I carried out the investigation by first obtaining 
the exact values of the wave-lengths of a large number of Kirch- 
hoff's lines by direct identification with the photographic atlases 
of Rowland and Higgs. Then beginning with the first section 
of Kirchhoff's maps (extreme red), the interpolation formula 



K—K. 



was first closely applied to a short portion of the spectrum. 
Proceeding to shorter wave-lengths with the formula thus 
obtained the wave-lengths were calculated from Kirchhoff's 
scale-readings for all the lines identified. From the agreement 
of these values with Rowland's accurate wave-lengths it was then 
easy to see whether it was possible, by a slight alteration of the 
constants, to extend the application of the formula previously 
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employed to a longer stretch of spectrum, or whether the repre- 
sentation of two adjacent regions by one and the same formula 
was impossible. In the latter case it was thus disclosed that a 
significant change in the dispersion of the apparatus had occurred 
from a displacement of the prisms. 

The fact has been brought out in this way that the whole 
spectrum drawn in eight strips by Kirchhoff and Hofmann is 
composed of five parts which differ not inconsiderably in their 
dispersion as well as in their accuracy. The separate parts have 
the following extent : 

The first section embraces the stretch from A to D, which 
was drawn by Hofmann on strips i and 2. The wave-lengths 
of the lines, on Rowland's system, are obtained from the formula 

;^_,,^^^„^ I [5587969] . X 

The second section, extending from D nearly to E (AT = 
1500), was drawn by Kirchhoff himself, and occupies the third 
and most of the fourth strip. The formula which applies is 

K -\- 1 1 22.4 ^ ' 

The remainder of the fourth strip comprises, with the fifth, 
the third section, extending to A!'= 1940. The transformation 
formula reads 

X=.46.73MM + ^f^8. (3) 

The sixth strip, which was also measured by Kirchhoff, 
extends to Ar= 2250, including the region about the F line, and 
forms a part by itself. The prisms here stood in quite an erro- 
neous position so that this part is drawn much out of proportion, 
as is expressed in the following formula:" 

'For comparison we remark that the corresponding formula, calculated with 
a= I, which fits the entire F-spectrum given above from A to G within 0.3/i/i, reads 

K + 924.4 

The more the constants of a formula differ from this, the more inaccurate was the 
position of the prisms. 
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\ Q [6.290971] . 

The remaining part of the spectrum, given by Hofmann in 
strips 7 and 8, was observed with a good adjustment of the 
prisms. The formula reads : 

The following table shows the accuracy with which the wave- 
lengths can be computed from Kirchhoff's scale-divisions by the 
five formulae we have given. The lines given were selected from 
Kirchhoff's map in nearly equal intervals of 20 to 30 scale- 
divisions. The first column gives Kirchhoff's scale-reading, the 
second the exact wave-lengths according to Rowland ; the third 
and fifth columns contain the wave-lengths calculated from the 
above formulae, and the fourth and sixth the corresponding dif- 
ferences between observation and computation. The regions for 
which the different formulae hold good are separated by horizon- 
tal lines, and the formula employed is indicated by the Roman 
numerals above the computed values of X. 

This table shows very prettily how each formula fits the 
observations closely within the region of its validity, but beyond 
its range leads at once to values of the wave-lengths departing 
systematically from the true values. 

The values O — C lead to the following probable errors of 
the position of a line in Kirchhoff's spectrum : 

Section I Probable error = ±0.251^1^1= ifco.g3A' 
II 0.037 0.31 

III 0.017 0.24 

IV 0.090 1.07 
V 0.028 0.42 

The large value of the probable errror expressed in fifi in 
case of the first section is chiefly due to the great compression 
of the region of long wave-lengths in the prismatic spectrum. 
The errors expressed in Kirchhoff units are nevertheless directly 
comparable with each other. As would be expected, the uncer- 



SCALE OF KIRCHHOFF'S SOLAR SPECTRUM 



8j 





A 


A 




A 




K 






0— C 




O-C 




(Rowland) 


(Computed) 




(Computed) 


■v^ V^ 


404.1 


760.60/iM 


I 

76o.53AtM 


+0.07^*^1 






423-7 


751. II 


751.44 


— -33 






448.4 


740.03 


740.52 


— .49 






470.0 


731-87 


731.43 


4- -44 






489.6 « 


724.08 


723-52 


+ .56 






5136 


714-84 


714-25 


+ -59 






540.6 


704.01 


704.34 


.33 






564.1 


695.67 


696.12 


-45 






597.4 


685.54 


685.08 


+ .46 






626.1 


676.80 


676.09 


+ -71 






654-3 


667.82 


667.69 


+ .13 






678.6 


660.94 


660.77 


+ .17 






694-1 


656.30 


656.51 


— .21 






714.4 


650.88 


651.08 


— .20 






740.9 


64393 


644.27 


.34 






759-3 


639.38 


639.72 


.34 






786.8 


632.78 


633.14 


- -36 






815.0 


626.53 


626.69 


— .16 






845-7 


620.05 


619.97 


-1- .08 
+ .13 


n 




866.2 


615-79 


615.66 


X X 




891-7 


610.83 


610.46 


+ -37 


607.30AAA* 


4-3-53/^ 


916.3 


605.62 


605.63 


— .01 


603.23 


+2.39 


943-4 


600.32 


600.50 


— .18 


598.87 


+1.45 
+0.93 


969.6 


595.69 


595.71 


— .02 


594.76 


991-9 


591.44 
589.62 


591-77 


— .33 


591.33 


+ .11 


1002.8 


589.89 


— .27 


589.69 


— .07 


1025.5 


586.26 


586.06 


+ .20 


586.32 


— .06 


1035.3 


584.83 


584.44 


+ .39 


584.88 


— -05 


1058.0 


581.66 


580.76 


+ .90 


581.61 


+ -05 
4- .08 


1089.6 


577.24 


575.82 


+1.42 


577.16 


1111.4 


574-21 






574.17 


+ .04 


1 130.9 


571-53 






571.54 


— .01 


1151-I 


568.84 






568.87 


— .03 


1 174-2 


565.90 






565.87 


4- .03 


I193-I 


563.42 






563.45 


— .03 


1217.8 


560.31 






560.36 


— -05 


1245.6 


556.98 






556.96 


+ .02 


1267.3 


554-42 






554-36 


+ .06 


1287.5 


551.98 






551.98 


.00 


1315-O 


548.80 






548.80 


.00 


1343-5 


545-58 


III 




545-58 


.00 


1367-0 


542.99 






542.99 


.00 


1394.2 


540.07 


537.74 


— 


-2.33 


540.04 


- 


- .03 


14254 


536.77 


535-07 


— 


-1.70 


536.74 


- 


- 03 


1444.4 


534-85 


533.47 


- 


-1.38 


534.77 


- 


- .08 


1466.8 


532.44 


531.60 


- 


-0.84 


532.48 


— .04 


1487.7 


530.25 
528.38 


529.88 


- 


- .37 


530.38 


— -13 


1506.3 


528.36 


-f .02 


528.54 


— .16 


1522.7 


527.05 


527.04 


+ .01 


526.94 


+ -11 


1547.2 


525.08 


525.09 


— .01 


524.59 


+ -49 
+ .89 


1573.5 


523.00 


523.03 


— .03 


522.11 


1598.9 


521.06 


521.06 


.00 


51976 


+1.30 


1623.4 


519.16 


519.19 


.03 


517-54 


+1.62 



84 



/. HARTMASS 





A 


1 

it 




A 




K 






o-c 




<3-C 




''R/Mrlanrf 


icompnteri'i 
517-39^ 




—• '"^' 




f6<7.^ 


517-WlM* 


0.00k^ 






UA%.% 


516.24 


516.24 


.oc 


1 




ff^tA 


5fM3 


5i4-«5 


— .02 






I'JOtA 


5»V^0 


5i3.3» 


. +.01 






iT%\.f» 


5 If. 06 


511.00 


1 — .03 






1762*6 


5C0.IO 


500.08 


; -h -02 






'7*^5.0 


5'>7 49 


507.47 


1 + .02 






fHo6.4 


506.03 


505.99 


-h .04 






tK\0.t 


504.44 


504.3» 


+ .06 


IV 




tHi'O 


502.73 


502.71 


-*- .02 


m • 




I8H4.3 


500.74 


i 500.76 


— .02 


5oi.78iM^ 


— i.04^iM 


tfff*i'$ 


499 43 


499.43 


.00 


500.21 


—0.78 


1f)2^.H 


478.04 


1 49805 


— .01 


498.53 


— .49 


1 930. 5 


497.15 
495.7» 


497.17 


— .02 


497.45 


— .30 


lffUf,H 


495.«i 


— .03 


495.76 


+ .02 


tffOA'i 


493.05 


493.72 


~ .67 


493.07 


— .02 


2026.8 


490.35 


491.70 


—1.35 


490.41 


— .06 


2058,0 


487.84 


489.81 


—1.97 


487.83 


+ .01 


2080.0 


486.15 






485.99 


+ .16 


31033 


484.05 






484.02 


+ .03 


21)6.0 


481.07 


V 




481.23 


— .16 


3167.5 


47H.36 




478.51 


— .15 


3184.9 


476.85 


477.05 


— 0.20 


476.99 


— .14 


3301.0 


475.42 


475.59 


— .17 


475-49 


— .07 


3333.3 


473.70 


473.85 


— .15 


473.68 


4- .02 


3349.7 


471.46 
470.32 


471.57 


— .11 


471.22 


+ .24 


3364.3 


470.38 


— .06 


469.91 




- .41 


3378.4 


469.16 


469.22 


— .06 


468.62 




- .54 


3303.9 


467.25 


467.26 


— .01 


466.37 




- .88 


3.<35.3 


465.47 


465.49 


— .02 


464.29 




-1. 18 


3354.1 


463.31 


463.26 


+ .05 


461.59 




-1.72 


3379.0 


461.35 


461.37 


— .02 






3406.6 


459.28 


459.32 


— .04 






3433.3 


458.16 


458.16 


.00 






3446.6 


456.39 


456.41 


— .02 






3461. i 


455-42 


455.36 




- .06 






34^7.^ 


452.88 


452.84 




- .04 






3517.0 


451.55 


451.48 




- .07 






J547.a 


449.47 


440.43 




- .04 






356S.0 


44S.34 


448.25 


— .01 






3585.4 


446.S7 


446.90 


— .03 






3603. 1 


44577 


445.82 


— .05 






3637.0 


444.25 


444.22 


-f .03 






3653.3 


442.56 


442.57 


— .01 






3670.0 


44i.5,< 


441.53 


.00 






36^3.5 


440.06 


440.08 


— .02 






3731.3 


43J«.37 


438.41 


— .04 






3744.« 


436.OQ 


437.05 


— .06 






3774.0 


435.20 


435.30 


— .01 






3SvHV7 


433.77 


433.77 


.00 






iSia.o 


432.5*> 


432.56 


+ .03 






3S41.7 


43«.5» 


431.46 


+ .05 






387^^3 


430.68 


420.62 


+ .06 




1 



SCALE OF KIRCHHOFF'S SOLAR SPECTRUM 85 

tainty of the measures is somewhat greater in the outer, less 
easily visible parts of the spectrum than in the middle. The 
large value of the probable error in the fourth section is alone 
striking. It looks as if slight changes had frequently occurred 
in the adjustment of the apparatus, due to jars or changing of 
the focus of the observing telescope, during the measurement of 
this, the shortest section of the spectrum. In the best section, 
the third, the probable error of a line given above reaches 
almost exactly the value ib0.0i5ft/A which Professor Vogel 
derived from repeated settings on the same line at the middle 
part of the visible spectrum. The extreme accuracy of Kirch- 
hoff's measurements is thus clearly shown. 



THE VARIABLE VELOCITY OF ? GEMINORUM 

IN THE LINE OF SIGHT. 

By W. W. Campbell. 

Mr. Wright and I have found that the well-known variable 
star f Geminorum (a = 6** 58™, 8= + 20^ 43') has a variable 
velocity in the line of sight. Three spectrograms have been 
obtained, yielding the following velocities with reference to the 
solar system. 

1 898 November 11 K= + 20.0 km 

1 899 January 17 --.. — 6d= 
January 18 - - - - - +7± 

The last two plates are underexposed on account of dew on 
the object-glass of the telescope, and the results obtained from 
them are not to be used in subsequent discussions of the motion. 

Lick Observatory, 

January 19, 1899. 
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ON THE APPLICATION OF INTERFERENCE PHE- 
NOMENA TO THE SOLUTION OF VARIOUS PROB- 
LEMS OF SPECTROSCOPY AND METROLOGY.' 

By A. Perot and Charles Fabry. 

Interference phenomena permit us to refer determinations 
of length to a very small unit (of the order of yi micron), the 
wave-length of a luminous radiation ; for this reason the use of 
these phenomena is at once suggested when it is a question of 
measuring very small thicknesses or very small changes or 
differences in thickness. To make evident the services which 
interference methods may render in this direction, it suffices to 
mention the investigations of Fizeau on expansion, those of M. 
Cornu on the elastic change of figure of solid bodies, and the 
methods devised by M. Laurent for testing optical surfaces. 

The extreme minuteness of the wave-length introduces cer- 
tain difficulties when it is desired to apply interference methods 
to greater lengths. The measurement will involve at the outset 
the determination of the number of times the length to be meas- 
ured contains the wave-length, i. e., the integral part of the 
number which represents the quantity to be measured in terms 
of the chosen unit ; in practice, this measurement will consist in 
the determination of the order of a fringe. Although a whole 
number is in question, its determination may give rise to some 
difficulty if it amounts to some tens or hundreds of thousands. 
This operation being supposed completed (and it must involve 
no error), the measure will be susceptible of extreme precision, 
on account of the very minuteness of the chosen unit ; it will 
only remain to determine a fraction of a wave-length, and even 
if this fraction is found with a rather rough degree of approxi- 
mation, the quantity to be measured will be known with very 
great precision. It will often happen that it is double the length 

^ BuiUiin Astronomique^ 16, 5, January' 1 899. 
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to be measured which is determined directly in wave-lengths, 
which will double the precision of the measures. 

Knowing how to measure a given distance in wave-lengths, 
we can compare any two lengths by measuring them successively 
in terms of this unit. We can also compare with a high degree 
of precision the wave-lengths of two given radiations, by com- 
paring the same length with each of these wave-lengths. Finally, 
we can distinguish very small differences of wave-length, and 
consequently separate close lines in the spectrum, thus permit- 
ting the spectroscopic study of a group of lines. 

These various applications of interference phenomena presup- 
pose the employment of a light-source such that interference can 
be obtained with great differences of path ; this requires that the 
light be strictly monochromatic, corresponding to a single and 
well-defined vibrational motion. It is clear, moreover, that 
if this condition were not satisfied no precise measurement in 
wave-lengths would be possible, since the light employed would 
not have a siiigle well-determined wave-length. At the present 
time it is easy to produce almost absolutely monochromatic' radi- 
ations, thanks to the light-sources brought into use by Professors 
Michelson and Morley, which consist, as is well known, of 
metallic vapors rendered luminous by the discharge of an induc- 
tion coil. 

Further, a suitable interference apparatus is required. 

We propose to give a brief account of a part of the investi- 
gations which we have made for the purpose of solving the vari- 
ous problems just enumerated, employing an interference appa- 
ratus having special properties which will be described at the 
outset. 

I. FRINGES FROM SILVERED PLATES. 

The ordinary forms of interference apparatus divide each 
incident wave into two waves capable of interfering. Each point 

' The radiations employed up to the present time, excepting the red line of cad- 
mium, are not single, but are composed of several closely grouped lines, one of which 
is much brighter than the rest ; the numbers given for the wave-lengths refer to these 
predominant lines. 
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in the focal plane of the observing telescope — the imaginary 
observation screen — thus receives, from each point of the light- 
source, two vibratory motions having a difference of path A. 
In order that the phenomenon may be distinct, it is necessary 
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that A have a single value at every point of the screen, i. e., that 
every pair of waves reaching a given point have the same differ- 
ence of path. Supposing this condition of perfect distinctness to be 
satisfied, the luminous intensity will vary from one point to 
another in the focal plane; it is a function of A alone: the 
curves of equal luminosity are represented by the general equa- 
tion A = a constant. The maxima are defined by A ^ AT X, and 

the minima byA^ATXH — ,X being the wave-length of the light 

employed and K a whole number. If we suppose that the two 
interfering waves have the same intensity (as is ordinarily the 
case), the minima are zero; the curve which gives the luminous 
intensity / as a function of A is a sinusoid (Fig. i, curve A), 
The fringes consequently have the appearance of bright bands, 
separated by dark bands with ill-defined edges ; the passage 
from maximum brightness to the neighboring minimum is grad- 
ual and without abrupt change. 

The phenomenon assumes a wholly different aspect if the 
apparatus, instead of dividing each wave into two, separates it 
into a very great number having differences of path which are in 
arithmetical progression, such that the differences of path with 
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respect to one of them are A, 2 A, 3 A A grating is a 

familar example of such an apparatus, in which the effect of the 
superposition of all these waves is known. When A is a whole 
number of wave-lengths, there is accordance of allXixQ interfering 

waves, and consequently a light maximum ; but if — differs ever so 

A 

little from a whole number, among all these waves there are some 
whose difference of path as compared with the first is far from a 
whole number, and which consequently considerably diminish 
the resulting intensity. The intensity thus falls off very rapidly 
away from the maximum, and the phenomenon consists of bright 
lines which are very narrow as compared with the dark interval 
which separates two successive maxima. The fineness of these 
bright lines will be the greater as the number of interfering 
waves increases. 

A phenomenon of this character may arise in certain kinds 
of interference apparatus, on account of the multiple reflections 




Fig. 2. 

which the light may experience. For example, let Z be a thin 
film of air bounded by two transparent surfaces A and A' (Fig. 
2). An incident wave will give rise to an infinite number of 
emergent waves which have respectively undergone o, 2, 4 .... , 

2 // reflections, and which have, with respect to the first, 

differences of path o, 2 A , ;2 A, . . . . (A= 2 e cos /, i 

being the angle of incidence in the layer of air and e the thick- 
ness of this layer). In the case where the surfaces A and A' 
are simple surfaces of glass, the intensities of these waves 
decrease very rapidly, on account of the small reflecting power 
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of glass (about -^^ ; beyond the third they are wholly negli- 
gible. The case is different if the glass surfaces A and A' 
are lightly silvered ; by this means it is possible to give them a 
very high reflecting power, at the same time leaving them a 
sufficient degree of transparence to permit an appreciable quan- 
tity of light to traverse the system. The intensities of the suc- 
cessive waves then decrease in a geometrical progression, the ratio 
of which does not differ much from unity, and the superposition 
of an infinite number of these waves gives a result analogous to 
that obtained with a grating. 

Further calculation of the luminous intensity resulting from 
the superposition of all these waves leads to the expression 

'='^ 4/ . A ' 

/o being a constant (intensity of the maxima), and / the 
reflective power of each of the surfaces A and A' , If /differs 

but little from I, - — "^-^ is very great; for example, if /= 0.8 
this fraction is equal to 80, and the expression for / becomes 

/= ^- 



A 

1 + 80 sin' IT — 

A 



When - is a whole number we have I^=I^\ but if — differs 

A A 

ever so little from a whole number, / becomes almost equal to 
zero, on account of the term 80 sin' tt -- in the denominator 

A 

The curve B (Fig. i) represents the law of variation of /as a 
function of A. 

Thus a layer of air bounded by two lightly silvered surfaces 
gives, when examined by trafismission in monochromatic light, a 
system of fringes in which the bright part is very narrow as 
compared with the dark interval which separates two consecu- 
tive fringes ; the small quantity of light which the system allows 
to pass is distributed in very narrow bright lines. This effect is 
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the more pronounced as the reflecting power /becomes more 
nearly equal to unity ; now the reflecting power of silvered glass 
increases with the thickness of the silver film, and approaches 
that of the compact metal, which is about 0.90 ; but at the same 
time the quantity of light absorbed by the silver films increases. 
If this absorption did not exist, the intensity /^ of the maxima 
would be always equal to that of the incident light; the exist- 
ence of the absorption limits the thickness of the silver films 
that can be employed, and this thickness must depend upon the 
intensity of the light at command. In fact, when the light is 
fairly intense, it is possible to obtain fringes, the bright part of 
which does not occupy at the most more than -^j^ of the interval 
which separates two consecutive fringes. 

In addition to the characteristics described above, fringes 
from silver films possess the properties of fringes from ordinary 
isotropic films, and can be examined under the same conditions. 
It is always necessary to respect the condition of perfect 
distinctness, i, e,, that the value of A must be -invariable for 
every point in the observation plane. The observation can be 
made in two simple ways, the choice of which will be governed 
by circumstances. 

1. hi parallel light fiormal to the film; where i=0 and A = 
2 e. A system of fringes is obtained which describe the curves 
of equal thickness of the film and whose form essentially 
depends upon the form of the limiting surfaces. This mode of 
observation is very convenient when the thickness e is small ; it 
then suffices to have the beam utilized approximately parallel 
and normal to the film in order to obtain a system of fringes 
localized in the film (Newton's rings; fringes of thin plates). 
When great differences of path are reached it is necessary to 
employ a rigorously parallel beam, without which the variously 
inclined waves would give scattered fringes, and the phenomenon 
would be rendered indistinct. The second mode of observation 
is free from all difficulties of this kind. 

2. /// cofivergent light, the layer being limited by two plane 
parallel surfaces. The thickness e is then perfectly constant^ 
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and the difference of path A = 2 e cos i depends only on the 
angle of incidence i. The fringes are observed by means of a tele- 
scope focused for parallel rays. To every point in the focal plane 
of the telescope there thus corresponds a single value of i, and 
consequently a single value of A ; the conditions of perfect dis- 
tinctness are thus realized, and a system of rings centered on 
the normal to the layer is obtained. The expression for A may 
be written, when it is remembered that the field of the telescope 
is of small extent and that consequently i is small, 

Ar= 2 e — e /^ 
A decreases proportionally to i"^ ; the diameters of these rings 
obey the same law as those of Newton's rings, but with the dif- 
ference that it is at the center {i--^o) that A attains a maximum. 
Moreover, these rings at infinity have the appearance of very 
fine lines, commonly seen in fringes from silvered films. 

This second mode of observation is especially advantageous 
in the case of great differences of path. In order to observe 
these fringes, two plates of glass, each having a silvered plane 
face, should be employed. These surfaces, which face one 
another, must be made exactly parallel ; it is convenient to be 
able to change their distance apart without destroying this paral- 
lelism, so that, without readjustment, it may be possible to 
observe the rings corresponding to various values of the differ- 
ence of path. 

The apparatus employed, which we call an interference spectro- 
scope, essentially consists of two plane plates of silvered glass 
placed vertically. One of these plates, Z, carried by an old 
theodolite, can be given a wide range of displacement in azimuth, 
and small parallel displacements by means of a strong iron 
stirrup which can be bent by distending a rubber bag filled with 
water placed inside the stirrup ; this bag is connected, like the 
two others referred to below, by a rubber tube to a vessel filled 
with water, the level of which can be varied ; it is thus possible 
to produce a displacement of a few microns by a motion as 
slow as may be desired, and without lost motion. 

The other plate, L' , can be given small adjustments in azimuth 
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and large parallel displacements. It is carried normally at the 
end of a horizontal strip of steel, 5mm in diameter and locm long, 
rigidly fixed at the other end, against which two bags filled with 
water press in two directions at right angles to one another ; it 
is thus possible to obtain through flexure of the steel strip, very 
small angular displacements which are produced without in any 
wise disturbing the apparatus. The steel strip is supported by a 
carriage having the form of a triangular prism with horizontal 
edges ; two strips of St. Gobain glass are cemented to the two 
lower faces, which meet at a right angle ; these rest on ways also 
made of glass strips cemented to a wood base. The carriage 
may thus be given a parallel displacement, in which it will be 
perfectly guided if not subjected to any lateral pressure. To 
effect this the carriage can be pushed, in either direction, by two 
points attached to two other auxiliary carriages ; the principal 
carriage has a little play between the two points, and conse- 
quently can be pushed by only one of them. The two auxiliary 
carriages can be moved together by means of a screw connected 
with them, which passes through a nut that can be turned by 
hand when a rapid displacement is desired, and by means of a 
tangent screw when a slower motion is needed. A single turn 
of this screw corresponds to a displacement of 3 /i or 4 /i. The 
whole apparatus, carried on a thick plank, is suspended in the 
air by rubber rings to protect it from vibration, which would 
render the fringes invisible. 

The adjustment of the parallelism of the plates is effected by 
moving the plate L for approximate adjustment, and L' , through 
flexure of its support, for the final adjustment. Large parallel 
displacements are produced by moving the nut on the thread, 
and small ones by bending the stirrup which carries the plate L, 
Accidental displacements, caused by imperfections in the guides 
along a distance of several centimeters, are so small that the 
rings do not disappear, and they can be brought back to their 
normal appearance by bending the support oi L' . 

A divided scale, attached to the plate-carriage, and read by a 
fixed microscope, gives a means of measuring approximately the 
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displacement of the carriage, and consequently the distance 
between the silvered surfaces. 

II. PHENOMENA PRODUCED WHEN THE INCIDENT LIGHT IS COM- 
POSED OF TWO MONOCHROMATIC RADIATIONS. 

Thanks to the fineness of the bright fringes, if several radia- 
tions simultaneously enter an interference apparatus with 
silvered plates, the systems of fringes corresponding to these 
several radiations are not confused, but may be seen in juxtapo- 
sition. Let us consider what occurs when only two radiations 
are employed ; later certain applications of these phenomena 
will be given. 

Let there be a first radiation, red, for example, of wave- 
length X. Consider a point in the observation plane for which 
the difference of path of the first two interfering waves is A. 

The quotient /==_ is the difference of path expressed in wave- 

lengths. This quotient plays a fundamental part in the phenom- 
enon : each integral value of ^ corresponds to a bright fringe, of 
which this number expresses the order. To avoid circumlocu- 
tion, we will call / the order of interferetice corresponding to the 
difference of path A ; for the radiation X a definite value of p 
corresponds to every point in the observation plane. 

If we have in addition a second radiation of wave-length X', 
yellow, let us say, (X' < X), it will also give a system of fringes, 
in which the bright fringes will be defined by the integral values 

of the quotient p' = — . These two systems of bright lines 

belong, moreover, to the same family of curves, the general 
equation of which is A = const., but the yellow correspond to 
values of A which are multiples of X', and the red to multiples 
of X. In passing from one red fringe to the next, A increases by 
X; it increases only by X' in passing from a yellow fringe to the 
following one, which may be expressed by saying that the yel- 
low fringes are more closely crowded together than the red. 
If the position of the two systems of fringes is marked on a 
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straight line Ox (supposing that the point corresponds to 
A = o, and that the values of A increase along Ox in proportion 
to the distance from the point 0), a figure like the following 
will result (Fig. 3) :' the two systems of fringes, at first confused, 
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Fig. 3. 



separate little by little ; then a yellow fringe falls about half way 
between two red ones ; again there is approximate coincidence 
of the two systems of fringes, or, more correctly, two consecu- 
tive red fringes are found, which comprise not one only, but two 
yellow fringes. Further on separation again occurs, then a new 
coincidence, etc. Let us find when this phenomenon of coinci- 
dence is produced. Let A and A^ (Fig. 4)' be two consecutive 
red fringes, of order K and K -\' \, between which are found two 
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Fig. 4. 



yellow fringes B and 5i of order K' and A^' + i* and let /T' — 
K^=^m, In B, p' is equal to /T', while/ is a little greater than 
K; we therefore have/' — / < K' — K, or/'— /< m; similarly 
in Bit p' — p^ m. As, moreover, /' — / increases in proportion 
to A, we find between A and B a certain value A© of the differ- 
ence of path for which 

p'—p = m. (i) 

' To distinguish the two systems of fringes the red have been prolonged toward 
the top and the yellow toward the bottom. 

* In Fig. 4, interchange A , B , to read B , A , . 
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The difference of path thus defined will be called the difference 
of path of coincidence; it is defined by equation (i), which 
may be written 

A. A. W 



TT r'.= ^» or A^ = w 



It is evident that the phenomenon is periodic, repeating itself 
for values of A which are multiples of a length 

which we will call the period. This quantity may be expressed 
in wave-lengths from any radiating source ; expressed as a func- 
tion of X, it will have the value 

X' 



0) 



/ f 



and as a function of X' 



0) 



-=0)+ I. 



X — X 

The nfi^ coincidence occurs when the order of interference 
corresponding to the yellow radiation exceeds by the integral 
number m that which corresponds to the red radiation ; it is 
repeated for the difference of path having the value A = w 11 ; 
m <o and m <o' are the corresponding values of the order of inter- 
ference. 11 m(D is an integral number K there will be exact 
coincidence between the AT'** red fringe and the (A!'+ ni)^ yellow 
fringe. In the general case, men will be a fraction A!'+ 5 (o < 
5 < i), and the appearance will be that shown in Fig. 4. The 
fraction characterizes the appearance of this approximate coinci- 
dence^ for, if we designate by a and a^ the distances AB and 
B^A^, w6 have 

a + a, 

Observation furnishes a check on the value of 5, at least 
when the two radiations employed differ sufficiently in wave- 
length. 

Discordances are similarly defined by the condition that the 
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difference P' — p shall be equal to an integral number plus ^; 
the values of A corresponding to the discordances are 

^ = (^ + i)n. 

They are recognized by the fact that a fringe of one kind occurs 
practically in the center of the dark interval which separates two 
fringes of the oth^r kind 

It is evident that all of these phenomena depend on the 
period, which may be calculated when the two wave-lengths are 
known. If the two radiations arc far apart in the spectrum, as 
for instance, one in the green and one in the red, the period is 
short (for example, 4 or 5 fringes); the separation of the red 
fringes is sensibly greater than that of the green ; the coinci- 
dences are repeated at short intervals, and they are recognized 
the more easily as the colors of the two systems of rings differ 
more widely, reducing the possibility of any confusion between 
them. It is even easy to distinguish the exact from the inexact 
coincidences, and observation gives an indication of the value of 
6 which establishes the inexactness of the coincidence. 

If, on the contrary, the two radiations differ but little in 
wave-length, as, for example, the two sodium lines, the period is 
long (about 1000 in this case); the position of coincidence can 
be determined by observation only within ei few fringes; the 
two kinds of rings have almost exactly the same color, and their 
separation, which gives rise to no lack of symmetry in color, 
becomes appreciable only a certain number of fringes before or 
after coincidence, by the widening of the rings. 

Such are the phenomena which arise from the superposition 
of two systems of fringes. We have made no hypothesis regard- 
ing the method of observing them ; the phenomena will remain 
precisely the same whether it is a question oi fringes of thin films 
observed in parallel light, or whether the fringes produced by a 
layer of air of uniform thickness are observed in convergent light. 

III. APPLICATION TO SPECTROSCOPY. 

It follows from what has been stated that the observation of 
a system of fringes from silvered plates furnishes a means of 
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separating two radiations of different wave-length, and conse- 
quently of making a spectroscopic study of a mixture of radiations. 
It is easy to see that the resolving power of the apparatus 
increases with the order of the fringes observed. Consider two 
radiations of nearly equal wave-length. X and X'^ X + €. Under 
what conditions can they be separated ? Experience shows that 
the separation of the two systems of rings is always clearly visi- 
ble when the distance between rings of different kinds is \ the 
distance between consecutive rings of the same kind. It will 
suffice, to effect separation, to reach the fringe whose order 

is \ the period, or of the order / = — , corresponding ^to a dis- 

5 ^ I I ' . . 

tance between the silvered surfaces e =p-'^^- .'* Suppose, 

2 10 c ^^ 

for example, that a distance between the silvered surfaces e-^ 5cm 
has been reached ; the corresponding order will be, suppos- 
ing X = 0.5ft, /= 200,000, and two radiations such that -^-^ 

A 

TFF oooo * where the distance apart in the spectrum is only y^^ 
of the distance between the D lines, can be separated. Beyond 
the distance e = Smm [p = 20,000) it is possible to resolve two 
radiations whose distance apart is less than y^ that of the D 
lines ; /. ^., the power of the apparatus is already comparable 
with that of the best spectroscopes having prisms or gratings. 

In order to effect such a result, it is necessary to be able to 
obtain very sharp fringes with very great differences of path ; the 
employment of fringes in convergent light is thus indicated. 
We use the apparatus permitting a parallel displacement, which 
has already been described. Suppose that it is desired to study 
with this apparatus an approximately monochromatic light. It 
is illuminated with this light, and the distance between the two 
silvered surfaces is gradually increased. If the radiation under 
examination is multiple, each ring will be seen to separate suc- 
cessively into several others ; each of these partial rings corre- 
sponds to a monochromatic radiation, and the more refrangible 
radiations are on the inside. Each fringe constitutes a veritable 
spectrum of the luminous source ; the apparatus is thus similar to 
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a grating, the resolving power of which is certainly small, but with 
which it is possible to observe spectra of very high order, which 
permits its resolving power to be increased almost indefinitely. 

When the light is complex it is easy to obtain a precise 
measure of the ratio of the wave-lengths of the radiations which 
constitute it ; let there be two radiations of nearly equal wave- 
length, X and X -f- €. The distance between the silvered sur- 
faces is increased until the discordance between the two systems 
of rings is complete. Then, if e is the distance between the sur- 
faces (which is given with sufficient accuracy by the micrometer), 

we have - = — . 
A 4 ^ 

We have studied in this way a certain number of radiations 
emitted by metallic vapors illuminated by an induction discharge 
(mercury, cadmium, thallium).* Our results are not identical 
with those deduced by Professor Michelson from his investiga- 
tions on the visibility of fringes ; but it should not be forgotten 
that Professor Michelson's method does noc permit the complete 
determination of the constitution of a group of lines ; an infinite 
number of hypotheses on the constitution of the group can be 
made to correspond to a single visibility curve, and the result is 
therefore in large degree arbitrary. In fact, our results would 
lead to visibility curves identical with those found by Professor 
Michelson ; far from contradicting the experimental results of 
this investigator, our researches confirm them completely. 

This method is also readily adapted to the study of the 
change of wave-length of a given line, on condition that the 
radiation be sufficiently near monochromatic ; in such a case a 
comparison can be made of two sources emitting, for instance, 
in the one case the altered radiation, and in the other the normal 
radiation, attention being directed to the change in the appear- 
ance of the rings produced by the two sources successively. 

' In certain cases, it is necessary to separate out radiations which would be 
troublesome on account of a complication of colors, or even, if the wave-lengths differ 
but little, because of the confusion of the rings ; we have employed for this purpose 
either tanks of absorbing liquids, or one or more carbon bisulphide prisms, used in 
the ordinary way. 
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IV. DETERMINATION OF THE ORDER OF A FRINGE. 

This problem presents itself in all determinations of length 
by interference methods. It is not ordinarily practicable to 
count the fringes beginning with which corresponds to zero dif- 
ference of path, either because the zero fringe is not accessible, 
or simply on account of the difficulty of counting a number of 
fringes which may attain hundreds of thousands, if a measure- 
ment of a length of several centimeters is involved. 

Our method is based on the observation of coincidences of 
fringes . produced when the incident light contains two mono- 
chromatic radiations. It has been seen that this phenomenon is 
periodic, so that there exist certain fringes, of which a list may 
be made, which are, so to speak, characterized by the same dis- 
tinctive sign. If the two radiations differ greatly, the fringes 
"thus characterized are distinguishable without difficulty, but they 
are numerous and make a long list. On the contrary, when the 
^wo radiations differ but little, the fringes characterized by a 
distinctive mark succeed one another at long intervals ; they are 
few in number and it is not difficult, when one is seen, to find it 
in the table. But observation will not suffice to designate the 
particular fringe with precision ; it can only be said that it 
occurs in a certain region. By a careful choice of radiations 
combined in pairs, it is possible to determine the exact number 
of a fringe, provided its roughly approximate value is already 
known. 

The method of coincidences is applicable whatever mode of 
observing the fringes be employed. In the case of the lower 
orders, they can be observed in parallel light, in the form of 
fringes from thin films. It then suffices to have the radiations 
employed approximately monochromatic ; those given by alka- 
line salts in the flame serve perfectly. Thus in the verification 
of the Order of the fringes furnished by our standard films (see 
below), we have employed the radiations of sodium and lithium 
in the flame of a Bunsen burner or an oxy-hydrogen blowpipe. 

If it is desired to pass to fringes of higher orders, interfer- 
ence is produced in convergent lights and it is necessary to have 
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recourse to the monochromatic radiations from the induction 
discharge in a metallic vapor. We have employed the brightest 
and most nearly monochromatic lines available in order to render 
possible the production and enumeration of fringes of a high order. 
These are the red and green lines of cadmium, the two yellow 
lines and the green line of mercury. To produce them the two 
tubes containing metallic vapors (Michelson tubes) are placed 
in series in the secondary of an induction coil. They occupy 
the foci of two convex lenses whose axes meet in a right angle. 
At the point of intersection is placed a lightly silvered glass 
plate, or a pile of plates which is traversed by one of the beams, 
while the other is reflected ; we thus obtain the complete super- 
position of two beams, as though they came from the same light- 
source. Two movable screens, which the observer controls by 
means of cords without moving from his seat, permit the light 
from either tube to be cut off. Small tanks of colored liquids, 
which are placed directly before the eye, are used to cut out 
superfluous radiations. 

In what follows we will refer everything to the fringes given 
by the green light of cadmium ; the periods of coincidence will 
be expressed in terms of the wave-length of this radiation. 

We group the radiations as follows : 

1. The two yellow lines of mercury 

A = o.579o6593 /ia, X = o.57695984 /i. 

These two lines are close together in the spectrum (about three 
times the distance of the D lines); their period of coincidence 
is 3 1 1.9 (expressed in terms of the wave-length of the green 
cadmium line). We observe the coincidences, which can be 
determined within about twenty fringes, i. e., in the twenty 
fringes which precede or follow the coincidence the separation of 
the two systems of rings is not appreciable. 

2. The green line of cadmium (X = o.5o858240 ft) and the 
green line of mercury (X = o.546o7424 ft) have a period of 
14.56515. We observe the discordances, and the observation 
determines without question the fringe for which this phenome- 
non is produced. 
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The green and red (X = 0.64384722 ft) radiations of cadmium, 
which differ widely, have a period of 4.759901. We observe the 
coincidences, and this observation is greatly facilitated by the 
great difference in color of the two systems of rings. Observa- 
tion gives to within about o.i the fraction which denotes the 
exactness of the discordance. 

We now come to the determination of the order of a fringe. 

The divided scale attached to the carriage of the interference 
apparatus, gives the distance between the silvered surfaces within 
a few hundredths of a millimeter. This measurement suffices to 
determine between what coincidences of the two yellow lines the 
observed fringes lie. Moreover, observation of these coinci- 
dences themselves gives a determination of the reading which 
corresponds to zero distance, and calibrates the scale with a suffi- 
cient degree of precision. 

This being understood, as the coincidences of the red and 
green radiations of cadmium occur at short intervals, one of 
them is always in the field of the telescope ; let us consider one 
of the green rings which encloses this coincidence, and let A' be 
its order, which it is desired to determine. 
' Cutting out the red radiation, we superpose the green radia- 
tions of cadmium and mercury ; then, slowly varying the dis- 
tance between the silvered plates by means of the arrangement 
for producing flexure, we count the number of cadmium fringes, 
starting from fringe K^ which must be caused to pass in order to 
produce discordance between the two systems of green rings. 
Call C this number, which cannot exceed fourteen, because coin- 
cidence of the two green lines occurs every fourteen fringes, 
and which is even less than seven, if care is taken to produce 
the displacement in the most favorable direction. 

We continue to change the distance until a coincidence of 
the two yellow lines of mercury is reached, and during this 
motion we count the number C of coincidences of the two green 
lines which pass across the field ; the motion need not be very 
slow, since we no longer count \\i^ fri7iges, but the coincidetices, 
which are fourteen times less numerous. The number of green 
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fringes of cadmium which have passed during this motion is 
about C X 14.57. 

Finally, let tn be the number of the coincidence of the two 
yellow lines which has been reached, a number known from the 
approximate measurement of the thickness by means of the 
divided scale. It suffices to know the three integral numbers 
Cy C , m,\vi order to solve the problem. 

Suppose, to make the matter clear, that the two motions 
thus effected have resulted in bringing the plates nearer together. 
The ni^ coincidence of the two yellow lines occurs when the 
number of the green cadmium fringe is 31 1.9 X »/. To go from 
this to the discordance of the two green lines which was 
observed near AT, 14.57 X C fringes had to pass; as the coin- 
cidence of two yellow fringes is observed to only about ±: 20 
fringes, the number of the discordance fringe of the two green 

lines will be 

311. 9 y.fn-\- 14.57 X C" ± 20. 

The number of discordance fringes in this interval is next 
calculated ; there will be three or four at most, among them the 
one which has been observed. Further, on adding the number 
C to the number of this discordance fringe, we should encounter 
a coincidence of the green and red lines of cadmium ; having 
calculated a table of coincidences, a choice will be made with- 
out hesitation. An important check will be given by the fact 
that observation gives with a precision of o.i the fraction which 
denotes the inexactness of coincidence of the two cadmium 
lines ; the observed fraction should agree with its calculated 
value. 

It is evident that the direct result of observation is reduced 
to three integral numbers, one of which is given directly by 
reading a divided scale, the two others being each less than 15. 
This method is applicable up to thicknesses of 4 cm or 5 cm, and 
consequently renders possible the rigorous determination of num- 
bers of fringes which may reach as high as 200,000, by counting 
only the coincidences, the numbers to be counted being less 
than 10, and the quickly-obtained result being easily found 
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anew for the purpose of verification. The application of the 
method requires the use of no special measuring instrument^ 
such as a micrometer, compensator, etc.; it is sufficient to be 
able to observe the few fringes which lie near those which it is 
desired to study. 

V. COMPARISON OF WAVE-LENGTHS. 

The method just described requires that the ratios of the 
wave-lengths of the radiations employed be exactly known. A 

precision of TTnr«(nr ^^ ^^^ sufficient. 

For the lines of cadmium, the ratios of the wave-lengths are 
known with a precision which leaves nothing to be desired^ 
thanks to the beautiful investigations of Professor Michelson. 
The same is not true of the mercury lines, which are known 
only from old measures made with gratings, the precision of 
which is far from sufficient. We have, therefore, compared the 
wave-lengths of these radiations with those of cadmium, by the 
observation of interference phenomena. This comparison can 
be made by means of observations identical with those which 
serve for the determination of the order of fringes, provided 
that fringes of a low order are used at the outset, and subse- 
quently those of higher and higher orders. 

The old measures give a first approximation of the ratios 
sought, with which the approximate values of the periods of 
coincidence of these radiations among themselves, or with the 
cadmium lines, can be calculated. It is consequently possible 
to calculate approximate tables of the coincidences, and these 
tables will contain only small errors, such that the order number 
of the fringes will reach only a moderate value (^. g., a few 
thousands); moreover, the coincidences of the cadmium fringes 
among themselves can be exactly calculated by using the values 
obtained by Professor Michelson. 

Setting the two surfaces of the interference apparatus a short 
distance apart (i mm for example), the observations of coinci- 
dences are made just as though it were merely a question of 
determining the order of a fringe. In comparing the observa- 
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tions with the approximate tables of coincidences, it will be 
found that only a single hypothesis regarding the order of the 
observed fringes will permit the observed phenomena to be 
brought into close accordance with the results of calculation. 
If the accurate identification is not readily made it is because 
the errors of the tables of coincidences are still too great for the 
orders of the observed fringes, and it will be necessary to repeat 
the observation on fringes of lower orders. The more inexact 
the values used in the preliminary calculations, the lower the 
order of fringes that must be chosen to avoid all doubt. 

Only one hypothesis being admissible, the small discrep- 
ancy remaining between observation and calculation indicates 
that the values used for the wave-lengths are not quite exact, 
and permits them to be corrected. 

These new values render possible the calculation of more 
exact tables of coincidences, by means of which the same oper- 
ations can be repeated with fringes of a higher order, double the 
previous one, for example. This new observation furnishes the 
means of again correcting the wave-length tables, and continu- 
ing thus, we obtain more and more precise values as fringes of 
higher orders are observed. 

In brief, the experiment consists in observing the reciprocal 
position of two systems of rings, using for this purpose coinci- 
dences or discordances ; an observation of this character fixes 
the reciprocal position of two fringes within at least ^ of a 
fringe. In comparing two wave-lengths, X and X', the relative 
error possible for the second, supposing the first known, will 
be, if the observations are discontinued at fringes of order/, 

\' ~~ ~ 20 p' 
A very high degree of precision is soon attained ; for exam- 
ple, let/= 10,000, which corresponds to a distance of less than 
3 mm between the silvered surfaces, the possible relative error 
will be ig^yirVxTF' ^ precision which it would doubtless be difficult 
to surpass with gratings.^ 

' This is particularly true of lines widely separated in the spectrum, since in this 
case the errors of the divided circles will enter. 
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Our measures have been carried to a separation of the sil- 
vered surfaces amounting to 32 mm (order about 125,000 for 
the green cadmium fringes) . The observations once completed, 
it is desirable to utilize all of them for the definitive calculation, 
applying the method of least squares to the series of equations 
which they furnish. 

The values below, based on Professor Michelson's values of 
the wave-lengths of the cadmium lines, are referred to the latter 
in air at 15°, under a pressure of 760 mm ; the ratios of these 
numbers remain sensibly constant under ordinary atmospheric 
conditions. The probable error is 5 units in the last place, or 

nr oo^oooo i" relative value. 

It is evident that interference methods permit wave-lengths 
to be compared with a remarkable degree of precision. These 
methods have the advantage of being based directly on the defi- 
nition of the quantity measured, and of being free from all sys- 
tematic error due to delicate instruments (gratings, divided 
circles, etc.), which are encountered in other methods. 

We have thus found 

Yellow lines of mercury < ' ~~ °*579o 593/* 

\ Xa = 0.57695984 /I 

Green line of mercury X ^= 0.54607424 /a 

VI. MEASUREMENT OF LENGTHS. 

The determination of the order of a fringe makes known the 
whole number of wave-lengths contained in a given length. In 
order to have a measure expressed in wave-lengths, it only 
remains to determine a fraction, which does not need to be 
known with a very great relative precision on account of the 
extreme minuteness of the wave-length. 

Let it be required to determine the thickness, at a given 
point, of a thin film of air between silvered surfaces. By illumi- 
nating the system with a parallel beam of monochromatic light, 
a system of fringes will be obtained ; the position of the given 
point with reference to the two fringes which encircle it is deter- 
mined, and finally the order of one of these fringes is sought. 
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In the case of a film with parallel faces giving rings at 
infinity, the order K of the ring immediately surrounding the 
center will be found. The order of interference corresponding 
to the center of the system is a little greater than K^ say 

K+ri, {o<rf<i); 

and the distance between the two silvered surfaces will be 

(K+rj) -; this will be known if the fraction n is determined. 

^ 2 

The simplest means of doing this is to find the angular diameter 
of the ring A', using for this purpose, for example, an eyepiece 

2 f cos /* 

micrometer. Call this diameter 2 i. We have IC= — - — , 

whence e = K .. The fraction 17, which it is really unneces- 

2 cos / "^ 

sary to calculate, would have the value 

^ i — cosf /« 

cos / 2 

remembering that i is very small. 

The use of these methods of measuring thicknesses presup- 
poses the possibility of applying the method already described 
for the determination of the order of a fringe ; for this a certain 
number of conditions must be met : among others, it is neces- 
sary to be able to examine a certain number of fringes in the 
neighborhood of the one whose order is required. This condi- 
tion greatly limits the cases in which these measuring processes 
can be applied. An optical method by which it would be possi- 
ble to establish the equality of two thicknesses would evidently 
possess great interest ; it would thus be possible to compare the 
length to be measured with a thickness measured beforehand, or 
also to copy a given length by means of a system which is kept 
under conditions favorable to purposes of measurement. We 
have succeeded in solving this problem, thanks to the use of 
fringes in white light, the theory of which we will give. Our 
method rendering it possible to double, triple, etc., a thickness 
will permit the measurement of lengths much greater than those 
which can be determmed directly by interference methods. 
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Superposition fringes, — These fringes are produced when a 
beam of white light traverses successively two air films bounded 
by silvered surfaces, A and A\ oi suitable thicknesses. An 
incident ray can, in fact, give rise to two emergent rays, one of 
which has passed directly through A and has been twice reflected 
in ^', while the other has passed directly through A' and has 
been twice reflected on the surfaces of A. The difference of 
path of these two rays is A— A', if A and A' are the differences 
of path corresponding to each of the films for the ray consid- 
ered. It is zero if A=A'. We will thus have, if the two 
differences of path are nearly alike, and consequently the thick- 
nesses of the two films not far from equal, a system of fringes 
in which the central white fringe marks out the position of 
points such that A = A'. This central fringe is bordered by 
brilliant colors. 

Fringes in white light appear not only when the two thick- 
nesses are nearly equal, but also when they stand in a simple ratio ; 
they are then due to the interference of rays which have under- 
gone an unequal number of reflections. The systems of fringes 

corresponding to —7 =-- , -,-,-,- . . can be easily 

observed. 

However, in proportion as this ratio becomes less simple 
the fringes are fainter, since they are due to the interference of 
rays which have undergone a greater and greater number of 
reflections, and since an increasingly important fraction of the 
light cannot interfere and produces white light, which diminishes 
the contrast of the fringes. 

As for the manner of observing these phenomena, this can 
be varied according to circumstances. In the case of small 
thicknesses they are observed in parallel rays ; with thick layers 
and uniform thicknesses, the fringes will be observed at infinity 
in convergent light. 

Superposition fringes in parallel light; measurement of small 
thicknesses. — The beam of white light in this case passes normally 
through the two thin films A and A' , which will be placed 
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directly in line with one another, or better superposed optically^ 
by projecting on the second, by means of an optical system, an 
image of the first. The fringes are then localized in this plane, 
which contains at once the second film and the image of the 
first. At one point in this plane the thicknesses e and e* corres- 
pond for the two films ; the corresponding differences of path 

are A = 2^, A '==2^'. If in a certain region -j approximates the 

commensurable ratio - a system of fringes in which the central 

fringe is defined by ~ ^ - is obtained. Or again, if in a 

''eg 

certain region the two thicknesses differ but little, we obtain a 
system of fringes in which the central fringe outlines the region 
of points such that e=e* . 

From this we have a means of establishing the equality in 
thickness of two thin films at given {>oints : the image of one is 
projected upon the other, so that the two given points correspond. 
If the thickness at these points is equal they must occur on the 
central fringe. 

On this consideration we have based the construction and 
use of standard films for the almost instantaneous measurement 
of small thicknesses; it is clear, in fact, that if the film A' has 
been calibrated, «. e,, if its thickness has been determined at 
different points, the point in this film where the thickness is 
equal to that which it is wished to measure may be sought. 
The measurement is extremely rapid, the standard plate taking 
the place of a divided scale, the graduation of which can be con- 
trolled, when desired, by means of fringes in monochromatic 
light. 

We will also point out, as an application of these superposi- 
tion fringes, the solution of the following problem which may 
arise in the construction of various measuring instruments. 
Two parts of an apparatus are susceptible of small displacements 
with respect to one another ; it is desired to supply the system 
with a reference mark so that it can be brought back to the 
same relative position. Ordinarily a microscope attached to 
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one of the parts, and focused on an index carried by the other, 
is employed for this purpose. The use of superposition fringes 
renders it possible to fix the reference position within a few 
thousandths of a micron.' 

Superposition fringes in convergent light; measurement of great 
thicknesses, — Great difficulties will be encountered if it is 
desired to obtain by the preceding methods superposition 
fringes with moderately large thicknesses. It is then advisa- 
ble to employ plates of uniform thickness and to observe the 
fringes in convergent light with a telescope focused for par- 
allel rays. 

Let L and U be the two plates (Fig. 5); both of them have 
parallel faces, but the faces of the first make a small angle 




Fig. 5. 



a with those of the second. The plane of the figure is normal 
to the two systems of faces ; their bisecting plane is directed 
along CP^ and the normal to this plane is CN, Suppose at the 
outset that the thicknesses e and e* of the two plates are nearly 
equal ; there may then be interference between the wave which 
has passed directly through L and has been twice reflected on 
the faces of L with that which has pursued the reverse course. 
Consider a direction making a small angle with CN^ and which 
is projected on the plane of the figure in CA, To this direction 

* See Annalts de Chimie et de Physique. 

An effective application of this method has been made by us. (" Sur un nouveau 
voltmfetre ^lectrostatique interf^rentiel" /<'«'*• ^^ Phys., November 1898.) 
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corresponds a single value of the difference of path between the 
two interfering waves, the value of which is 

A = 2 ^ cos / — 2 e' cos /', 

i and V being the angles of incidence of the given direction in 
the two films. Remembering that i and /' are very small, and 
that e' differs but very little from ^, this expression may be written 

or by a simple transformation 

A = 2 (<? — ^') -j- 2 eaO, 
being the angle made by CN with the projection CA of the 
direction considered. 

It is seen that A varies proportionally with 0, We will thus 
have in a telescope focused for parallel rays a system of recti- 
linear fringes, equidistant and perpendicular to the plane of the 
figure, t, e., parallel to the intersection of the faces of the two 
plates. The angular distance of two consecutive fringes is 

and the central fringe is defined by ^ =r 



2 ^ a e a 

The entire system of fringes is displaced parallel to itself if 
one of the thicknesses is varied ; the central fringe moves toward 
the point in the field which corresponds to the direction CN 
(^ = o) when e-^e' . Moreover, the fringes broaden if the 
angle a is diminished, and for a = o A approaches the constant 
value 2 [e — e' ) ; the system of fringes tends to acquire a uniform 
color, which is white if e = e' . 

From this we derive a method of establishing with a high 
degree of precision, the equality of two thicknesses each 
corresponding to the distance between two plane parallel sur- 
faces of silvered glass. If there is a very small difference 
between the two thicknesses, it can be measured with precision ; 
finally if one of the thicknesses is susceptible of slight variation, 
it can be brought into exact equality with the other, and thus a 
given thickness can be copied. 

Phenomena entirely similar to those just mentioned will be 
obtained if the thickness e\ instead of being equal to e, is, for 
example, one half or one third of it. From this is derived a 
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means for exactly multiplying a given length by - , - , - , . . . 

234 

or by 2, 3, 4, . . . As we are dealing here with phenomena in 
white lights we can apply these methods even to very great 
thicknesses, and although the adjustments become more difficult 
in proportion as the distances increase, it seems possible, under 
good conditions, to observe superposition fringes with thick- 
nesses of at least i m. 

Moreover, the distance between two parallel silvered surfaces 
can be measured directly in wave-lengths, provided that it does 
not exceed 4 cm or 5 cm and is susceptible of slight variation. 
Combining this method of measuring with the use of superposi- 
tion fringes, it becomes possible to measure the given and inva- 
riable distance between two parallel silvered surfaces, even if it 
greatly exceeds the limit just given. 

Let it be required to measure the thickness of the layer of 
air L (Fig. 5) which we will suppose at first to be less than 5 cm. 
Employing the superposition fringes, this thickness is copied by 
means of the film U , the thickness of which can be varied at 
will; then this latter is measured by the methods indicated. It 
should be remarked that the operation can be, so to speak, instan- 
taneous, and gives the measure of the desired thickness at a 
given instant, without requiring that this distance be invariable. 

If the thickness of L exceeds 5 cm the same method is fol- 
lowed, but instead of copying it, the half, third or quarter is 
taken, which will render possible the measurement in wave- 
lengths of thicknesses up to 20 cm in a single operation. 

Finally, for greater thicknesses, the same procedure may be 
followed, by taking a certain number of intermediate standards. 
Let it be required to measure the thickness of the layer Z^, too 
great to permit the preceding method to be applied. By means 
of a layer Zg of variable thickness, we can, for instance, take a 
quarter of it, then a quarter of this latter by means of the layer 
Z3, and so on, until a layer Z„ of thickness less than 5 cm, 
directly measurable in wave-lengths, is reached. By means of 
easily devised arrangements the whole of these operations can 
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be rendered almost instantaneous, thus removing all danger of 
error arising from any change occurring during measurement. 

All the lengths to be measured by these methods must be 
represented by the distance between two plane parallel sil- 
-vered surfaces placed facing each other. But it is easy to pass 
from this case to that where it is required to measure the 
thickness of a solid with polished and sensibly plane parallel 
surfaces, like the thickness of a parallelopiped of glass. It suf- 
fices to place this solid between the parallel silvered faces of a 
suitable system, which will play the part of calipers; the dis- 
tance of the surfaces is adjusted in such a manner that there 
remain only very small thicknesses of air between them and the 
faces of the solid. The use of our standard films (see above) 
permits this last measurement to be made rapidly. 

We have applied these processes to the measurement in 
wave-lengths of the thickness of a glass cube 3 cm on an edge. 
The measurement was made with precision, in spite of the very 
defective conditions under which it was effected ; almost the 
entire apparatus was constructed of wood ; on account of the 
vibration of the soil it had to be suspended by means of rubber 
rings ; no precaution was taken to avoid temperature variations. 
The success of the experiment under such unfavorable condi- 
tions was evidently due to the fact that the measurement was 
instantaneous, and consequently free from any error arising from 
a modification of the apparatus. 

The same methods would evidently be applicable to much 
greater thicknesses. We may hope to be able to measure in 
wave-lengths, with no microscope settings, the length of a 
** m^tre a bouts." The conditions under which our experiments 
have been made did not permit us to attempt so delicate an 
application of the method with any chance of success ; our pur- 
pose was only to render evident the possibility of such a meas- 
urement. 

Such are, in brief, the principal applications that we have 
made of interference phenomena given by silvered plates. The 
greater part of the problems that we have attacked have already 
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received other solutions ; our methods are notable for the sim- 
plicity of the apparatus, the work of the constructor being 
reduced to the figuring of two plane surfaces. This is evidently 
a good means of avoiding systematic errors, and of utilizing as 
completely as possible the remarkable power of interference 
methods. Particularly for the measurement of lengths and ail 
allied problems, these methods can render effective service with 
the ordinary resources of a laboratory. The difficulties result- 
ing from the extreme minuteness of the wave-length are largely 
offset by the precision of the measures and the certainty offered 
by the standard employed. 



Minor Contributions and Notes, 



ADDITIONAL OBSERVATIONS OF EROS (433).' 

The method of search for Eros (433), described in Circular No. 
36, has been continued. The ephemeris has been extended by Mr. 
Chandler, as required, and images of the planet have been found by 
the writer on thirteen plates. From these images the following 
approximate positions have been determined in addition to those 
given in Circular No. 36. The successive columns give the number 
of the plate, the date, the Greenwich mean time of the middle of the 
exposure, the length of the exposure in minutes, and the approximate 
right ascension and declination for 1875. These positions are, in 
general, derived from adjacent Durchmusterung stars. Preparations 
are now being made for precise determinations of the positions of the 
planet on these plates, and on those described in Circular No. 36. 
The last two columns give the anomaly and the computed photo- 
graphic magnitude, assuming the magnitude at distance unity, 12.0, 
as derived from the measures given in Circular No. 34. The correc- 
tion for phase is necessarily omitted, and may exceed a magnitude, 
as the phase angle may amount to 60°. The last three plates were 
taken at Arequipa, all of the others at Cambridge. 



Plate 



9801 
9832 
9862 
10095 
10280 
10407 
10469 

10559 
10604 
A 222 
B 11174 
B 16518 
A 1876 



Date 



y 

1893 
1893 
1893 
1893 
1893 
1894 
1894 
1894 
1894 

1894 
1894 
1896 
1896 



m 

10 

10 

10 

II 

12 

I 

I 

I 

I 

2 

5 
6 

6 



d 

28 

30 

31 
26 

23 

8 

19 
25 
30 

5 

19 
29 

30 



G. M. T. 


Ex. 


h m 


m 


21 55 


14 


20 18 


10 


21 21 


15 


20 26 


17 


19 49 


13 


18 8 


65 


16 57 


10 


16 16 


13 


13 40 


60 


15 26 


60 


14 16 


10 


19 17 


15 


13 46 


60 



R. A. 1875 



m 



5 
6 

6 
7 
7 
7 
7 
7 
7 
7 
10 

17 
17 



58.8 

4.5 
7.6 

17.5 

45-7 

35.5 
26.5 

23.6 

22.5 

23-3 
38.0 

37.8 

36.4 



Dec. 1895 



+ 53 
4-54 
+ 54 
+ 57 
+ 52 

+ 41 
+ 28 

+ 21 

+ 15 
+ 8 
— 14 

-36 
-36 



40 
6 
20 
50 
58 

23 
46 

15 
20 

46 

57 
22 

12 





V. 





— 71 


- 69 


- 69 


— 49 


— 26 


— 12 


— 3 


- 


h 3 


- 


- 7 


- 


- 12 


^ 


h 92 


- 


-152 


^ 


1-152 



Mae. 



10.9 
10.8 
10.8 

9.9 
8.8 

8.4 
8.2 
8.2 

8.3 
8.4 

1 1.9 

12.5 

12.5 



* Harvard College Observatory Circular No. 37. 
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I 9801. This photograph is important, since, with that taken on 
May 19, 1894, the anomaly through which the planet was observed in 
1893-4 becomes 162°. The observations contained in Grcular No. 36 
extended over an angle of 101°. 

I 10280. Plate dark, and difficult to measure. 

I 10407. Faint spectrum on edge of plate. 

I 10469. This plate was fogged and was so dark that it was 
marked useless. Its density was about that of a shade glass used in 
viewing the Sun. By making a double contact print from it a photo- 
graph is obtained on which accurate measurements of the planet are 
possible. 

I 10604. Spectrum. Superposed on spectrum of +15® 1581, 
Mag. 9.5. 

A 222. Well marked trail 160' long, showing irregularities in 
running of driving clock of telescope. 

B 11174* See I 9801. 

A 1876. Well marked trail. At about 13^ 15°* the planet would 
have coincided very nearly with — 36° 11 846. The orbit of the 
planet could be well determined from the observations in 1896 alone, 
using for the first place the position of April 6, for the second the 
three positions on June 4 and June 5, given in Circular No. 36, and 
for the third, this photograph with that taken on June 29. 

Some important conclusions may be derived from this investiga- 
tion. All the photographs on which the planet has been found were 
taken with doublets. If they had been taken with lenses of the usual 
form with a field 2^ in diameter all of the images would have fallen 
outside of the plates. In view of the difficulties found in photograph- 
ing this object with an ordinary lens at Greenwich and Oxford 
[Observatory 21, 429) it is doubtful whether we should have obtained 
many images of it here with such a lens, even if it had been in regions 
photographed. The number of plates on which the planet appears 
probably fairly represents the number we have of all other similar 
objects, whether already discovered or not. This planet is bright 
during only a small portion of time. During the last eleven years it 
has been brighter than the ninth magnitude, photographically, for 
only two months, or about a seventieth part of the entire time. There 
may be other similar objects, even brighter, as yet undiscovered. 
Nova Aurigae was as bright as the fifth magnitude for six weeks before 
it was discovered. Had Eros attained the sixth magnitude instead 
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of the eighth it should have appeared on plates taken with the transit 
photometer. In this case, we should have had an image of it on every 
clear night on which it culminated after dark. Fairly good positions 
could have been obtained from these images since the focal length 
of the telescope is about two feet, and the exposures are so short 
that the images are always circular. We have now a similar instru- 
ment in Arequipa, so that, in general, two images should be obtained 

every night. 

Edward C. Pickering. 
January i6, 189Q. 



AN ANNUAL REPORT ON THE PROGRESS OF 

ASTRONOMY. 

I INTEND to publish an Astronomischer Jahresbericht mit (Inter stut- 
zufig der Astronomischen Gesellschaft (Astronomical Yearly Report 
aided by the Astronomische Gesellschaft). It will give short reports 
of all the works on astronomy, astrophysics and geodesy, both practi- 
cal and theoretical which have appeared during the year. The first 
volume will appear in 1900 and will contain reports of all the publi- 
cations of 1899. Not wishing to overlook anything I should be much 
obliged if all authors of such publications, appearing as separate books 
or articles in journals not usually destined and used for astronomical 
publications, would kindly communicate them to me. 

Walter F. Wislicenus. 

NiCOLAUSRING 37 

Strassburg (Elsass) 
January 1899. 
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ON THE SPECTRA OF STARS OF CLASS III b. 

By N. C. D U N E R. 

In the beginning of the year 1893 the Upsala Observatory 
came into possession of a new double refractor, provided with a 
Steinheil visual objective of 36 cm aperture and a photographic 
objective, also by Steinheil, of 33 cm aperture. The mounting 
is a very perfect one by Repsold. From the first I had planned 
to reexamine the stars of the III class. On the one hand it was 
to be expected that with this instrument, the light-gathering 
power of which is considerably greater than that of the Lund 
refractor, more details would be visible in the spectra ; while on 
the other hand, eight years had already passed since the publica- 
tion of my memoir, '* Sur les etoiles a spectres de la troisi^me 
classe," during which time many new stars belonging to class 
III had been discovered, and it seemed to me desirable that so 
far as possible all such stars in the northern heavens should be 
examined by one and the same observer. In this investigation, 
as well as in all other work with the refractor, serious interrup- 
tions occurred, partly because the summer nights here are as 
light as day, partly on account of the almost invariably bad and 

unfavorable weather of Upsala winters, and partly also because 
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of other causes, one of which, my rather poor health during 
recent winters, has unfortunately had an ever increasing effect. 
As a consequence this investigation, while well advanced in 
several hours of right ascension, still contains serious omissions 
in hours 2-8, 1 6-1 8 and 20. 

Furthermore, since the greatest telescopes in the world have 
entered this field, it can hardly be of further interest to con- 
tinue these investigations in a climate so unsuitable as that of 
Upsala for astronomical observations. But since in the course 
of the observations already made certain new details have been 
discovered in the spectra of stars of class III ^, and since these 
confirm the results published by Professor Hale in the Astro- 
physical Journal, Vol. VIII, No. 4, I beg leave to present them 
here. 

Four spectroscopes, all of the Zollner type, have been 
employed in my observations. The first three belong to a set 
made by O. Toepfer, of Potsdam, and the direct-vision prisms 
have the following dispersions (C — G): 



I 


3^ 23' 


II 


5' I' 


III 


6' 56' 



Spectroscope IV was made after my own indications by G. Rose, 
of Upsala, and contains a Steinheil direct-vision prism giving a 
dispersion of 10° between the same limits. These spectro- 
scopes can be attached to the lowest eyepiece of the refractor, 
and in good atmospheric conditions give very beautiful spectra. 
For the greater part of the spectra of type III ^ the spectroscope 
designated as Ss III was found to be best adapted ; for very 
faint objects Ss I was most suitable. For the most brilliant 
spectra Ss IV occasionally performed admirably. 

As for the designations of the stars I need only remark that 
by •* Birm." is meant the second edition, published by Espin, of 
Birmingham's Catalogue of Red Stars. The colors of the stars, 
the spectra, and the spectral bands, are designated in exactly 
the same manner as in my memoir " Sur les ^toiles a spectres 
de la troisieme classe." 
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An examination of the following list of my observations of 
spectra of type III b will show that my hopes of seeing more 
with the Upsala refractor than with the Lund refractor were not 
disappointed. Of first importance is the fact that I was able to 
detect without difficulty bright lines in various spectra, which at 
Lund were either invisible or at least could not be discovered. 
But it has also been possible for me here to determine with far 
greater ease and certainty the nature of several other spectra, 
among which mention may be made of the extremely interest- 
ing objects 280 Schj. and R S Cygni. 

3SCHJ. =4 BIRM. =BD. + 43°53 (8.2"). 

Rrrg =9.0. Sp. Ill b! ! 3 bright zones, the blue one extremely 
faint and hardly visible. Band 6 strong. The yellow sub- 
zone bright, bands 4 and 5 well seen. Bands 2 and 3 suspected 
on one occasion, (Ss I 93.9.18, 93.10.5, 93.10.29, 92.10.30, 
93.10.31, 93. II. 3, 97. II. I. Ss III 95.9.27, 95.10.11, 97. II. I.) 

10 BIRM.=BD. + 34°56 (8.1"). 

Rrg==8.2. Sp. \\\b!! 3 bright zones, the blue one not 
particularly faint. The yellow subzone is well marked. Bands 
6 and 9 are broad and very strong, 5 fairly strong, 4 clearly 
visible, 3 rather faint, 2 very faint. (Ss I 93.10.15, 93.10.30, 
93.10.31,93.11.5. Ss III 95.10.11,95.10.24,96.9.29,96.10.6.) 

13 BIRM.= W CASSIOPEIAE (VAR.). 

Rrrg=8.8. Sp. Ill ^ with 2 zones. Band 6 broad. (Ss I 
93.10.15, 93.10.30, 93.10.31, 93II-S. 95-10-24, 95. II. 15. Ss III 
95.10.24, 95. II. 15.) 

7 SCHJ.= 19 BIRM. = BD. + 25^205 (7.I"). 

Rrg =8.0. Sp. Ill bm 4 zones, of which the ultra-blue is 
rather faint. Bands 9 and 10 strong and broad, 6 narrow, not 
brighter than 4 ; 4 is rather broad, clearly visible, and sharply 
bounded. Band 5 is fainter than 4, but broad, dim; 2, 3, 8 
are faint. (Ss I 93.10.15, 93.10.22, 93.10.30, 93.10.31, 93.1 1.5. 
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Ss III 95.9.27, 95.IO.II, 95.10.24, 96.1.5, 96.1. II. Ss IV 
96.9.18.) 

29 BIRM.=BD. + 57^325 (9.2"). 

Rrrg= 8.9. Sp. Ill b! The spectrum is extremely faint with 

2 zones. Band 6 broad and dark. (Ss I 93.10.30, 95. II. 15, 
96. 10. II. Ss III 95. II. 15, 96.1. II.) 

X CASSIOPEIAE (VAR.) . 

Rrrg=9.i. Sp. Ill ^. 2 zones. Band 6 broad, strong. 
(Ss I 93.1 1.5, 95.10.24, 96.9.29. Ss III 95.10.24, 96.9.29.) 

42 BiRM.= BD.+ 5i''575 (9.0"). 

Rrrg = 9.0. Sp. Ill ^ ! 2 zones. Band 6 very broad and 
dark. (Ss I 95.10.11. Ss III 95. 10. 11.) 

64 BiRM.= BD.+ 57''702 (7.9"). 

Rrg= 8.1. Sp. III^.^.^.^ 4 zones, 3 of which are very bright, 

while the ultra-blue one is quite faint. The principal bands 

extremely broad and black, 5 rather strong, 4 clearly visible, 3 

and particularly 2, faint. (Ss I 93.10.30, 93.10.31, 93.1 1.8, 

94.2.3,96.1.11,96.1.20. Ss III 93. 1 2. 1, 95.11.15,96.1.11, 96.1.20, 

96.1.26.) 

66 BiRM.= BD.+ 47^783 (9.0™). 

Rrg = 8.6. Sp. III^.^ 3 zones, of which the green is the 
brightest. Bands broad but dim. (Ss I 93.10.31, 93.1 1.8, 94.2.3, 
96.1.5. Ss III 96.1.5.) 

27^2 SCHJ.^r: 75 BIRM.= U CAMELOPARDI (VAR.). 

Rrg=8.7. Sp. III^.^^ 3 zones, the blue one very faint. 
Band 9 very broad and strong, 6 fainter, 4 and 5 rather strong, 

3 and* particularly 2, faint. (Ss I 93.10.22, 93. 10. 31, 93.1 1.8, 
95.10.24. Ss. Ill 95.10.24.) 

81 BiRM.= BD.+ 61^667 (7.0"™). 

Rrg=7.8. Sp. III^.^.^ 4 zones, the ultra-blue one quite 
faint. Bands 9 and 10 very strong and broad, 6 fainter. The 
yellow subzone not strong. Band 5 is broad, 4 clearly visible* 
2 and 3 faint. (Ss I 93.10.31, 93.12.28.) 
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41 scHj.==97 BiRM.= 67°350 (7.0"). 

Rrg=8.8. Sp. \\\b!!! 4 zones, the ultra-blue one faint. 
The yellow subzone very bright, particularly in the less refrangi- 
ble half. Bands 9, 10 and 6 very broad and strong, 5 broad and 
strong, 4 rather strong, 8 clearly visible, 2, 3, 7 faint. (Ss I 
93.4.23, 93.12.28. Ss III 93.12.28.) 

45 SCHJ.r= 105 BIRM.= 5 W ORIONIS (VAR.). 

Rrg= 8.8. Sp. \\\b!!! 3 zones, the blue one rather faint. 
On November 19, 1895, ^ thought I detected a very faint trace 
of an ultra-blue zone. The yellow subzone is very bright. Band 
9 very strong, 6 strong, and contains a bright line. Band 5 
strong, apparently double, 4 and 3 rather strong, 2, 8 rather 
faint. (Ss I 93.11.23, 95.11. 19, 96.1.26. Ss III 96.1.26.) 

BD.+ 38^1035 (8.5"^). 

Rrg = 8.2. Sp. III^.'.^ 3 zones, the green one the bright- 
est, the blue one somewhat faint. On one occasion the yellow 
subzone was seen conspicuously. Bands 9 and 6 are strong. 
Espin's star BD.=^ +38^1038 is undoubtedly identical with this 
one. (Ss I, Ss. Ill 94.2.22, 95.10.24, 96.1.6, 96.1. 11.) 

BiRM. 125 = BD.+ 35^1046 (8.9™). 

Rrg = 8.2. Sp. III^.' 3 zones. Band 9 strong, 6 rather 
dull. (Ss I, Ss III 96.1.9, 96.1. 1 1.) 

72 SCHJ.= 172 BIRM.= BD.+ 26'*III7 (7.4°*). 

Rrg = 8.3. Sp. III^.^^ 3 zones and perhaps also an ultra- 
blue one. Band 9 very strong, 6 not strong. Bands 5, 4 quite 
strong, 3 well seen, 2 faint. (Ss I, Ss III 94.2.3, 97.2.10.) 

74 SCHJ.= 187 BIRM.= BD.+ I4°I283 (6.5"). 

Rrg=8.3. Sp. III^.^.^.^ 4 zones, the ultra-blue one quite 
faint. Bands 9 and 10 strong, broad, 6 remarkably faint, fainter 
than 5. 4 stronger than 5 ; 3, 2 well seen. (Ss I, Ss III 93.1 1.23, 

94.2.3). 



124 N. C. DUNiiR 

78 scHj.= 192 BiRM.= BD.+ 38°i539 (6.3"). 

Rrg^S.o. Sp. \\\b!!!! 4 zones, all of them bright ; the 
yellow subzone extraordinarily bright. Bands 9, 10 extremely 
strong and broad, 6 is fainter, but strong ; in this band is a hair- 
like, clearly visible, brigJU line. Band 5 is double ; the less 
refrangible component is the fainter. Band 4 is broad, strong 
and sharply bounded, i quite broad and distinct, 2 rather broad 
and strong. 3 narrow, but rather dark. The distance from 2 to 
3 is greater than that from 3 to 4, but 2 is shaded toward the 
violet, so that 3 is in the middle of the red subzone ; 7, 8 are 
easily seen and between them there is a faint line. (Ss I 93.1 1.23, 
94.2.2, 94.2.3. Ss II 93.3.1, 93-II-23, 94.2.3. SsIII 93.11.23, 
94.1.4,94.2.2, 94.2.3, 95.3.18, 96.1.9, 96.1. 1 1, 97.2.10. Ss IV 
97.2.23, 97.2.24.) 

BD.+ 3i°i388 (8.1"). 

Rrg==8.o. Sp. III^.^.^ 3 zones, all of them bright. Bands 9 
and 6 very dark. The yellow subzone rather bright. Bands 4 
and 5 suspected on one occasion. (Ss I, Ss III 96.1.23.) 

225 BiRM. = BD. + 25° 1641 (9.0"*). 

Rrg=7.8. Sp. Ill ba 3 zones, all of them bright, and per- 
haps an exceedingly faint trace of an ultra-violet zone. The 
yellow subzone is not especially bright ; the extreme end of the 
green zone, on the contrary, is very exceptionally bright. Bands 
9 and 6 are very broad and strong; 5, 4, 8 occasionally visible. 
(Ss I 94.2.3, 94.2.5, 96.1.23. Ss II 94.2.5. Ss III 94.2.3, 94.2. 
5, 96.1.23.) 

235 BIRM.==BD. + 24^1686 (8.2"*). 

Rg =7.3. Sp. Ill b! ! with 4 zones, the ultra-blue one remark- 
ably faint and hardly visible, while the blue one is very bright. 
Band 9 is quite strong ; 6, on the contrary, is very faint. The 
yellow subzone is no brighter than the rest of the spectrum. 
(Ss I, Ss III 96.1.20, 96.1.23, 97.2.28.) 
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264/2 BIRM. = BD.+ 3^I958 (8.3"*). 

Rrg = 8.3. Sp. Ill ^// with two bright and one extremely 
faint blue zone. Band 6 is broad and strong. (Ss I, Ss III 
94.2.5, 97.2.28.) 

115 SCHJ. = 2II BIRM. = BD.+ I7*'l973 (6.5"). 

Rrg=8.7 Sp. Ill b/f/f vi'xih 4 zones, the ultra-blue one 
faint. Bands 9 and 10 are exceedingly broad and dark, 6 some- 
what narrower and fainter, with bright lines. The yellow sub- 
zone is very bright. Band 5 strong, double, 4 rather strong, 
3 well seen, 8, 2 faint. (Ss I 94!2.3, 94.2.5, 94.3.24, 96.3.20. 
Ss II 94.2.3. Ss III 94.2.3, 94.2.5, 94.3.24, 96.3.20, 96.4.2, 
97.2.24.) 

318 BIRM. = BD. + 68^617 (6.2"). 

Rrg = 8.2. Sp. Ill ^.^.^.^.^ 4 zones, the ultra-blue one quite 
bright. Bands 9 and 10 exceedingly broad and dark. 6 is rela- 
tively faint but contains bright lines. 5 is broad, strong and dis- 
tinctly double, 4 strong, 3 sharply terminated, not faint, 2 rela- 
tively strong, I, 7 faint, 8 well seen. On one occasion a band 
was suspected far out in the ultra-blue zone. (Ss I 94.3.22. Ss 
II 93.4.1,96.4.4. Ss III 94.3-22, 94.3-25, 95-4.14, 96.3-30, 96.4. 
2, 96.4.4.) 

145 SCHJ. = 350 B1RM. = BD.+ I° 2694 (8.1™). 

Rrg = 8.8. Sp. Ill b// 3 zones, the blue one not especially 
faint. The yellow subzone exceptionally faint. Bands 9, 6 
strong, 5 rather strong, 4 easily visible, 3 and perhaps also 2 
faintly visible. (Ss I, Ss 11194.3.25.95.4.15,95.4.17,95.4.26, 
95.5.1. Ss II 95-5-I-) 

152 SCHJ. r= 364 BIRM. = BD. + 46^l8l7 (5.5°*). 

Rrg = 8.2. Sp. Ill b/f// Remarkably beautiful, with 3 very 
bright and one rather faint ultra-blue zone. The more refrangi- 
ble half of the yellow subzone is very bright, while the less 
refrangible half appears veiled. The principal bands, 9, 10 and 
6 are exceedingly broad and strong; in 6 near the yellow sub- 
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zone there is a fine, brilliant bright line. Band 5 consists of two 
rather broad components, the more refrangible of which falls in 
the middle of the subzone. Half-way between this and band 6 
is a fine, rather faint line. Band 8 is rather strong, 4 quite 
strong, 3 somewhat stronger than 4 ; 7 and 2 are faint. (Ss I 
95.4.14. Ss II 95-4.14. Ss 11194.3.25,95.4.14,95.4.15,95.4. 
30, 95.5.1. 95.5.2, 95.5.4, 96 4.2. Ss III 97.2.28, 97.4.26.) 

155^ SCHJ. = 374 BIRM. = BD. 66^780 (7.5"). 

Rrg = 8.4. Sp. Ill b/// 4 zones, the ultra-blue one very 
faint. Bands 9 and 6 are very strong, 5 strong, not certainly 
double, 4 faint, 3 stronger. Between 5 and 6 a line. The spec- 
trum in general resembles that of 152 Schj. On one occasion 
several bands were suspected in the blue zone ; this zone also 
appears to terminate in a bright line. (Ss I 95.5.4. Ss III 95. 
5.4, 97.4.26. Ss IV 97.4.26.) 

Bi). + 38°2389 (8.0"). 

Rg == 7.5. Sp. Ill b/f 3 zones and perhaps a faint trace of 
the ultra-violet one. The yellow subzone bright ; bands 9 and 
6, especially the latter, very strong. (Ss I, Ss III 97.4.26.) 

182 SCHJ. = 439 BIRM. = V CORONAE (VAR.). 

Rgj = 8.5. Sp. Ill b. 3 zones, the blue one faint. Band 9 
strong, band 6 very dim ; no other details. (Ss I, Ss III 95.4. 
30, 9S.5-2, 97-4.26.) 

545 BIRM. =BD. + 36** 3168 = T LYRAE (VAR.). 

Rrrg = 9.i. Sp. Ill bf/ 2 bright and a hardly visible 
blue zone. The yellow subzone very bright. Band 6 very 
strong, 5 and 4 rather strong, 3 quite faint. 2 was also sus- 
pected on one occasion. (Ss I, Ss III 95.8.16, 95.8.18, 95.8.25, 
96.8.14, 96.9.1.) 

561 BIRM. -=BD. + 36^3243 (7.5""). 

Rrg ^=8.2. Sp. IWbff 3 zones, the blue one bright. The 
yellow subzone is not especially bright. Band 9 is very broad 
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and strong, 6 broad and strong, 5 rather strong, 4, 3 well seen, 
2 very faint. (Ss I, Ss III 95.8.16, 95.8.18, 95.8.25, 96.8.13, 
97.8.24). 

229 scHj. = 607 BiRM.r^BD. + 76°734 (6.5°*). 

Rrg=:8.5. Sp. Ill ban 4 zones, the ultra-blue one not 
especially faint. Bands 9, 10 very broad and dark. 4 is rather 
broad and very dark, after 9 and 10 the strongest detail in the 
spectrum, 5 broad, grayish, perhaps double, 6 rather broad but 
dim, 2, 3, and 8 well seen, 7 rather faint. (Ss I 93.8.6, 93.10.29, 

95-9-3» 95-9-25- Ss II 93.10.29. Ss III 95-9-3» 95-9-25» 95-9-26, 

96.8.13. Ss IV 96.8.13.) 

608 BiRM. = BD. + 45^2906 (8.6°*). 

Rrg = 8.6. Sp. III^.^.^ 3 zones, the blue one very faint. 

The yellow subzone rather bright. Bands 9 and 6 very strong, 

5 well seen, 4 faint. (Ss I 93.8.6, 95.9.9, 95.9.22. Ss III 95.9.9, 
95.9.22.) 

616 BIRM. = BD. -f 32*^3522 (8.0°*). 

Rrg = 8.3. Sp. \\\b!!! 4 zones, the blue one bright, the 
ultra-blue one very faint. Bands 9, 10, 6 are exceedingly broad 
and strong, 5 strong, 3, 4 well seen, 4 stron^^er than 3. Bands 8 
and 2 hardly seen with certainty. (Ss I 93.8.7, 95.8.15, 95.8.16, 
95.9.22, 95-9-23- Ss III 95.8.15, 95.8.16, 95.9.22, 95.9.23.) 

BD.-f 85^332 (9.2'"). 

Rg (peculiar color) ^6.8 Sp. III^.^.^ 3 zones, the green 
one brightest, the blue not faint. Band 9 strong and broad, 6 
rather faint. Band 4 suspected on one occasion. (Ss I, Ss III 

96.8.14, 96.8.31, 96.9.9.) 

627/7 BIRM. (9.5°*). 
Rrg = 8.0. Sp. Ill b! 3 zones. Bands 6 and 9 rather 
strong. (Ss I, Ss III 95.8.16, 96.8.31, 96.9.29.) 

639^ BIRM.:^BD. 4- 20°4394 (9.4°*). 

Rrg-^=8.0. Sp. Ill ^.^.' 3 zones, all of them bright. The 
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yellow subzone not very bright. Bands 9 and 6, particularly 9, 
are very broad and dark. Star brighter than the 9th magnitude. 
(Ss I, Ss III 96.9.9, 96.10.2.) 

643 BiRM. = Bp. + 20^4417 (8.9"*). 

Rrg -8.0. Sp. \\\b!! 3 zones, the blue one rather faint. 
Bands 9 and 6 are very strong, 8 perhaps visible ; otherwise no 
details. (Ss I, Ss III 97.8.30.) 

650 BiRM. — BD. + 47**303i (8.0"*). 

Rrg "8.4. Sp. III^.^ 3 zones, the green one very bright, 
the blue one somewhat faint. The yellow subzone rather bright. 
Bands 9 and 6 are strong. (Ss I, Ss III 95.8.6, 95.8.18, 95.8.25, 
96.9.1.) 

651 BIRM. -BD. + 35^4002 (9.5"). 

Rrg 8.3. Sp. III*.'.' 3 zones, the green one very bright, 
and also the blue one bright. Bands 9 and 6 exceedingly broad 
and dark. (Ss I 93,10.3.93.10.29. 95.8.16, 96.8.12, 96.8.13. 
Ss III 95.S.16. 96.8.12. 96.8.13.) 

657 BIRM. : BD. + 3S'*3957 - R S CYGXI (VAR.). 

Rrg 8.5. Sp. III*.' 3 zones; the yellow and red sub- 
zonos rather bright. Bands 9 and 4 very well develo[>ed; 5 and 
more especially 6 are faint, 2 and 3 exceedingly faint. (Ss I 
03.0.JI. 03.10.13. 03.10.22. 05.S.25, 95.S.2S. Ss III 95.8.25, 

On.S.2S.^ 

659*7 BIRM. 

Rrc S.2. Si\ Illr/ ^ zones, the blue one verv faint. 
B.\nd v) oxtniv^rdinarily brc^^d and stronc. 6 broad and strong. 
\^Ss I, Ss 111 Os.S.jS. Os.o.o.^ 

00.:.: i^iKM. ^i^. -^ ^r';>"^ ^O.N*\. 

Krc S.v\ S;\ 111 >.' 5 ronos. :he green one the brightest. 
R^nvis o ,ir,%; o arc brvMvi Ar.vi q;:::c o.Ark, I'Ss I 95.S.7. 95.9.17, 
On o ";, Ov\K^ :\ Ss \\\ o;.S.iS. Ox.c.f, Ox.0.2^, g6.io.6.^t 
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665 BIRM.=BD. + 37^*3903 (9.4°). 

Rrg=8.7. Sp. III^. 2 or possibly 3 zones. The bands 
are broad but dim. (Ss I 93.8.7, 95.9.27. Ss III 95.9.27, 
96.1 I.I.) 

681 BIRM. = V CYGNI (VAR.) . 

Rrrg = 9.5. Sp. Ill bl! 2 bright zones; band 6 broad. 
(Ssl, Ss III, 97.9.3.) 

BD. + 32^3954 (9.4"). 
Rrg = 8.8. Sp. Ill ba 3 zones, the green one the bright- 
est, the blue one somewhat faint. Bands 9 and 6 are strong 
and broad. (Ss I, Ss III 95.10.15, 96.9.15, 96.10.6.) 

248^ SCHJ. = 705 BiRM (9.5"). 

Rrg = 8.3. Sp. Ill b! 3 zones, the green one the brightest, 
the blue one rather faint. Bands 9 and 6 are strong and broad. 
(Ss I 93.8.23, 93.10.30, 95.8.16. Ss III 95.8.16.) 

250 SCHJ. = 7I0 BIRM. =S CEPHEI (VAR.). 

Rrrg = 9.4. Sp. Ill ba 2 bright zones and a hardly visible 
blue one. The yellow subzone is not especially bright, but 
bands 4 and 5 are visible. Band 6 is rather strong. (Ss I, Ss 
III 95.12.9, 97.4.26, 97-9-3-) 

249/2 SCHJ.= 711 BIRM. =BD. + 34**4500 (6.2°*). 

Rrg = 8.4. Sp. Ill bail 4 zones; three of them very 
bright, the ultra-blue one somewhat faint. The yellow subzone 
is brilliant. Bands 9 and 10 are very broad and strong, 6 con- 
siderably fainter ; near its head, toward the yellow subzone, a 
narrow, faint, bright line. Band 5 is clearly double ; the more 
refrangible component is stronger than the other. 4 is not so 
broad as 5, but at least as strong. Between 5 and 6 a very nar- 
row and faint line. 8 and 7 are clearly visible, 2 somewhat 
stronger than 3 ; both rather faint, I faint. (Ss I 93.8.6, 93.8.23, 

93.10.23, 93.iO-30» 93-ii-5» 93ii-23- Ss II 93-ii-5» 93-11.23. 
Ss III 93.11.23, 93.11.26, 93.11.28, 95.9.1. Ss IV 96.8.2, 
96.8.12, 96.8.14, 96.9.6, 96.9.9, 96.9.20,97.8.24.) 
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251 SCHJ.= 7I3 BIRM. = R V CYGNI (VAR.). 

Rrrg = 9.2. Sp. \\\b!! 3 zones, the blue one very faint. 
The yellow subzone rather bright. Band 6 is broad and strong, 
5 well seen, 4 fainter than 5, 2 and 3 exceedingly faint. (Ss I 
93.8.6, 93.8.23, 93.10.23, 93.11.7. Ss III, 95.9.9,96.9.6. Ss IV 
96.8.14, 96.9.6.) 

257 scHj. = 720 BiRM. = BD.4- 49^3673 (9.1"). 

Rrrg=r8.9. Sp. III^.^.^ 2 bright zones and a hardly visi- 
ble blue one. The yellow subzone bright. Band 6 is extraor- 
dinarily broad and dark. Bands 4 and 5 not certainly visible. 
(Ss I 93.8.6, 95.1 1. 19, 96.9.1, 97.9.3. Ss III 95.9.19, 96.9.1, 

97.9.3.) 

19 PISC.^273 SCHJ. = 756 BIRM. = BD. + 2^4709 (6.2°). 

Rrg^=8.5. Sp. Ill ^.^.^.^.^ 4 zones, the ultra-blue one not espe- 
cially faint. The yellow subzone is very bright. Bands 9 and 
10 are very broad and dark. 6 consists, beginning at the yellow, 
of (i) a rather strong and broad dark line; (2) ^bright line; 
(3) a very faint shading. This whole band is remarkably faint. 
4 is sharp, broad and dark, 5 very distinctly double, composed 
of two not strong lines. 3 is narrow but rather dark, even 
darker than one of the components of 5. 2 is dim but broad, 
I faint, 8 well seen, 7 faint. Between 5 and 6 a narrow faint 
line was seen on one occasion. (Ss I 93.10.15, 93.10.30, 93.10.31, 
93.1 1.23. Ss III 93.1 1.23. Ss IV 96.8.13, 96.9.6, 96.9.9, 96.9.18, 
96.9.20, 96.12.3.) 

280 SCHJ. = 764 BIRM. =:BD. + 59°28l0 (7.8"*). 

Rrg = 8.4. Sp. Ill baa Unique, not because of the strength 
of the chief bands, for these are faint. Band 9 is fairly con- 
spicuous, but not very broad, 10 much fainter, and 6 fainter 
than all the other bands. On account of the slight strength of 
the chief bands, the intensity of the spectrum gradually falls 
off towards the blue, so that the ultra-blue finally becomes 
exceedingly faint. Band 4 is as broad as half the yellow sub- 
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zone, quite black, and the most conspicuous detail in the whole 
spectrum. 2 is as strong as 9, or even stronger, broad and 
sharply terminated ; 5 is easily visible, 3 narrow and faint. (Ss I 
93-9-23» 93-IO- 1 1» 93- 10. 1 5, 93. 10.23, 93. 10.29, 93.10.30,93.10.31, 
93.12.2. Ss III 93.11.23, 93.12.2, 95-9-9» 95-9-I7. 95-12.9, 
96.9.9. Ss IV 96.8.12, 96.9.6, 96.9.9.) 

765 BIRM. = BD. + 42°4824 (9.4™). 

Rrg = 8.0. Sp. Ill b ! ! 4 zones, the ultra-blue one exceed- 
ingly faint. Band 9 is very strong and broad, 6 only a little 
fainter. The yellow subzone is rather bright ; bands 4 and 5, 
particularly the latter, visible but faint. (Ss I 93.10.5, 93.10.30, 
93.10.31. Ss III 95-9-9-) 

It appears in the first place from these observations that in 
spectra of all bright stars of class III b, namely W Orionis 
(6.0°*), 78 Schj, (6.3'"), 115 Schj. (6.5'"), 318 Birm, (6.2"), 152 
Schj. (5.5°*), 229 Schj, (6.5™), 249 a Schj, (6.2""), and 19 Pis- 
cium (6.2™) band 5 is double, and in band 6 near the less refran- 
gible edge there is a bright line, while these details cannot be 
made out with certainty in the spectra of the only slightly 
fainter stars 7 Schj. (7.0™), 41 Schj. (7.0'"), 74 Schj. (6.5°*), and 
155 ^ Schj. (7.3™). In some of the latter spectra band 5 is 
nevertheless very broad. It must consequently be regarded as 
highly probable that both of these details are common to all 
spectra of type III b. They are, moreover, clearly visible in 
Professor Hale's photograph of the spectrum 152 Schj. 

In a closer comparison of the spectra of different stars one 
is struck by the very marked differences of the relative strength 
of certain bands. This is particularly the case with bands 6 and 
4. For example, in the spectrum of 152 Schj. band 6 is almost 
as strong as band 9, and is consequently one of the most strik- 
ing details of the spectrum, while band 4 is quite faint. On the 
other hand, in the very remarkable spectrum of 280 Schj.^ 4 is 
the strongest and 6 the faintest visible band in the whole spec- 
trum, in fact fainter than bands 2-5 and 9 and 10. Of the 
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remaining stars of this class, some, considered with reference to 
the relative intensities of bands 4 and 6, resemble 152 Schj,^ 
while others are more like 280 Schj,; but so far as my experience 
goes the great strength in the spectrum of this star of band 4, 
combined with the remarkable faintness of band 6, is met with 
in the same degree in no other spectrum. 

Of the spectra belonging to type III b, those of RS Cygni, 
19 Piscium, 7 Schj,, 74 Schj., 235 Birm., 229 Schj., BD.-\- 85*^332, 
and 249^ Schj., although, as has been said, having band 6 
relatively stronger, resemble that of 280 Schj.; the spectra of 
64 Birm., 41 Schj., 155^ Schj., 608 Birm., 616 Birm, correspond 
more closely with that of 152 Schj.; and those of other stars, 
for example W Orionis, 78 Schj., 115 Schj., 72 Schj,, 64a Schj., 
643 Birm., 634 Birm., 318 Birm., etc., occupy an intermediate 
position. 

To base upon these differences in the relative intensities of 
these bands a division of class III b into subclasses, would, 
in my opinion, hardly be advisable. The various classes, par- 
ticularly if one does not represent an evolutionary step beyond 
that which immediately precedes it, must show fundamental 
differences, and the relative intensities of the lines are not to be 
regarded as such. Moreover, one might easily get as many sub- 
divisions as there are stars. On the other hand, as Professor 
Hale remarks, it should be possible to arrange these stars in a 
series. I shall make no investigations in this direction, since 
Professor Hale is engaged on this very problem, and neither the 
refractor nor the atmospheric conditions at Upsala can be com- 
pared with those at the Yerkes Observatory. 

Upsala, 
Januar}' 23, 1899. 



ON SOME PHOTOGRAPHS OF THE GREAT NEBULA 
IN ORION. TAKEN BY MEANS OF THE LESS 
REFRANGIBLE RAYS OF ITS SPECTRUM. 

By James E. Kkeler. 

In a short article* published some years ago, I suggested 
that certain differences between the forms of nebulae as shown 
by drawings and by photographs may be due to the non-homo- 
geneous structure of these nebulae. It was not asserted that the 
cause here mentioned is sufficient to account for all the differences 
which are actually found, for drawings differ among themselves 
quite as much as they do from photographs, but it is a cause 
which tnust have some effect in producing the differences referred 
to, and which must be taken into account if we admit the possi- 
bility that the spectrum of a nebula may not be the same in all 
its parts. 

That this non-homogeneous structure exists in some cases 
may now, I think, be regarded as proved. A striking example, 
though one on a small scale, is afforded by the small planetary 
nebula SD. — 12^1 172. When this nebula is examined by means 
of a spectroscope attached to a large telescope, the slit being 
opened so as to include the entire image of the nebula, three 
circular, well defined, uniformly illuminated disks are seen, cor- 
responding to the nebular lines \ 5007, A. 4959 and H/3. These 
disks are of unequal diameters, that of Ufi being largest and 
that of \ 4959 smallest. This remarkable peculiarity of the 
nebula was discovered by Professor Campbell' in 1893, and I 
have recently had an opportunity to verify his observations with 
the 36-inch refractor. I may also note, as a slight digression, 
that the difference in size between the images representing the 
chief and second nebular lines is the only evidence in our posses- 
sion, so far as I am aware, that these lines are not due to the 

*Pud. A. S. P., 7, 279, 1895. Ttid. A. S. p., 5. 207. 
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same substance. The evidence is not conclusive, but its weight is 
in the direction above pointed out. 

In the case of the Orion nebula, non-homogeneity was sus- 
pected by Huggins as long ago as 1868, and again by Henry 
Draper,' on the strength of a photograph of the spectrum taken 
in 1882. Draper tried to obtain photographic impressions of the 
monochromatic images formed by a telescope and direct-vision 
prism, but further investigations in this direction were brought to 
an end by his untimely death. 

Very considerable differences in the spectrum were found, 
and their amounts estimated, by Campbell" in 1893. While the 
chief nebular line \ 5007 was the strongest line in the spectrum 
of the Huyghenian region, the Hfi line was strongest in the 
spectrum of remote regions and fainter streams of nebulosity. 

The conclusiveness of Campbell's observations has been 
questioned, on the ground that the observed phenomena may be 
explained as the result of physiological causes. It has been 
shown, however, that the physiological effect in question is 
entirely inadequate to account for the great differences of bright- 
ness actually observed, while the observer was in fact on his 
guard against just such influences. 

Some observations of my own, made with special reference 
to this question, seem to be absolutely conclusive. The nebula 
was examined on the night of December 12, 1898, with a spec- 
troscope attached to the 36-inch refractor. The appearances 
described by Campbell were easily recognized. By reducing 
the aperture of the spectroscope the brightness of the spectrum 
was diminished without changing in any way the quality of the 
light. It was found that with a sufficiently feeble spectrum the 
//)8 line was alone visible in one part of the nebula (the nebu- 
losity surrounding the star Bond 734) and the chief line was 
alone visible in another part (the Huyghenian region) — a result 
which is inexplicable on physiological grounds, and can only be 
due to real differences in the spectrum of the nebula.^ 

^ Am. Jour. Sci.^ 23, 340. 

^ A, N., 3205. A. and A., 13, 384. ^ A. N., 354I. 
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One or two other observations bearing on this question may 
also be appropriately mentioned here. In 1888 the spectrum of 
the Huyghenian region was photographed by Professor Wm. H. 
Pickering^ with an 11 -inch object-glass spectroscope, each line 
of the spectrum being therefore represented by a monochromatic 
image of the nebula. It was found that the radiations corre- 
sponding to the ultra-violet line \ 3727 are particularly strong in 
the southeast border of the Huyghenian region, and also in the 
part just west of the trapezium. The spectrum is reproduced in 
Fig. 5, Plate II, A?inals H. C. 0„ Vol. 32. 

A dull red fringe along the southern boundary of the 
Huyghenian region has been described by Professor Barnard." 
If this appearance is not subjective, it would indicate the exist- 
ence of a line or lines (presumably //a) in the lower spectrum, 
which one might expect to be visible in the spectroscope. 
Attempts made at Mt. Hamilton to see a red line in the spec- 
trum of this region have been unsuccessful. 

Quite recently I observed the Orion nebula, on a fine clear 
night, with the 36-inch equatorial. The red fringe was distinctly 
seen in the place indicated by Barnard, and, less clearly, at other 
places on the border of the Huyghenian region. A thin slip of 
light red glass, through which the nebula was dimly visible, caused 
the disappearance of the fringe, and no red line could be seen 
with a small direct-vision spectroscope. On the whole, I am 
disposed to regard this red fringe as a subjective phenomenon, 
though I do not consider the evidence in favor of this view as 
entirely conclusive. 

It would appear at first sight that the best method of study- 
ing the distribution of the different nebular radiations is that 
attempted by Draper and successfully applied by Pickering. 
Practically, however, this method does not yield entirely satis- 
factory results. The fainter parts of the nebula do not appear, 
and even the images of the Huyghenian region overlap and are 
therefore confused. The stars are drawn out into spectra, and 
are no longer available as reference points, while the strong con- 

* Annals H. C. O., 32, 74. ^ Knowledge^ 17, 97, 1894. 
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tinuous spectra of the brighter stars practically obliterate the 
images formed by the less refrangible rays. 

In the article which has been referred to I suggested the use 
of an orthochromatic plate, protected by a color screen, for 
accomplishing the same purpose. Having now at my disposal 
an instrument — the Crossley three-foot reflector — which is 
extremely effective for the photography of nebulae, I have been 
able to carry out the experiments which were suggested in my 
earlier paper, and in what follows I give a description of the 
results. 

The color screens were supplied by Mr. Carbutt, the well- 
known dry* plate maker, who kindly selected for me screens hav- 
ing a greener color than those generally used in orthochromatic 
photography. These screens were mounted in light frames, 
which fitted the double-slide guiding apparatus of the reflector, 
just in front of the photographic plate, and which could be easily 
removed when desired. 

In order to understand precisely what is effected by the color 
screen, it is necessary to consider the composition of the light of 
the nebula, the selective absorption of the screen, and the sensi- 
tiveness of the plate to rays of different wave-lengths. 

The visual spectrum of the Huyghenian region consists 
mainly of three bright lines : the Hfi line, the line M959» which 
has about the same intensity as //)8. and the "chief line X5007, 
which is several times brighter than either. The H^ line is vis- 
ible, but it is faint, and several other lines, due to helium and 
unknown substances, are seen with great difficulty under the best 
conditions. They contribute practically nothing to the image 
of the nebula seen in ordinary observation with the telescope. 
This image is practically formed by rays corresponding to the 
three lines first mentioned. 

If the spectrum of the same region is photographed on an 
ordinary dry plate, a large number of lines appears, the strongest 
of which are H^ and the ultra-violet hydrogen series. There is 
also a very strong line at X3727 discovered by Huggins. The 
Hfi line is fairly strong, the second line (\4959) considerably 
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weaker, and the chief line about as strong as Hfi. This change 
in the relative intensities of the last three lines, as compared 
with the visual intensities, is due to the falling off toward the 
yellow of the curve of sensitiveness of the photographic plate. 

If the spectrum is photographed on an orthochromatic instead 
of an ordinary plate, the appearance is much the same as that 
just described. The principal difference is in the relative inten- 
sities of the three lowest lines, which now, on account of the rise 
of the curve of sensitiveness toward the yellow, approach more 
nearly the visual intensities. The Hfi line is, however, relatively 
a little too strong. 

One of the screens furnished by Mr. Carbutt is of a strongly 
yellowish-green color. It entirely suppresses the upper end of 
the spectrum, the absorption extending to a little below the Hfi 
line, which is reduced in intensity about one half. The other 
screen, which is green with only a slightly yellow tinge, also 
completely suppresses the violet end of the spectrum, but the 
absorption does not extend so far toward the yellow. The Hfi 
line is transmitted without perceptible loss. Both screens of 
course strongly absorb the red, where their effect is immaterial 
in connection with the present investigation. They were tested 
visually with the solar spectrum, and photographically with the 
hydrogen spectrum, on both ordinary and orthochromatic plates. 

It will be seen that the effect of these screens, when used 
with the reflector in the way I have described, is to cut off all 
the rays from the nebula except those which form the visual 
image. If the image thus modified is photographed on an ortho- 
chromatic plate, it will represent very closely the image seen by 
the eye in ordinary observation, the relative visual intensities of 
the three principal species of rays being approximately pre- 
served. This condition is more closely lulfilled by the first than 
by the second screen, though at the expense of a general dim- 
inution of brightness. As the loss of light proved to be impor- 
tant, the second or green screen was generally used. 

It is to be observed that the relative importance of the upper 
spectral lines in producing an ordinary photograph is much 
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greater with an instrument like the Crossley reflector than with 
a refractor, and greater than one might infer from a considera- 
tion of the spectrum as photographed with glass prisms. How 
powerfully the ultra-violet rays of the nebula are absorbed by a 
great thickness of glass is shown by some comparisons that I 
have made of photographs taken with the Crossley telescope 
and earlier photographs taken with the 33-inch photographic 
objective of the 36-inch refractor. With the reflector more neb- 
ulosity is shown in five minutes than appears on photographs 
taken with the refractor with exposures of from two to three 
hours. A part of this enormous difference is however due to 
the greater angular aperture of the reflector. 

By the method which is described above, it is possible to 
obtain photographs which are directly comparable with the image 
seen in the telescope, and therefore with drawings. But the 
comparison of such photographs with drawings, or with photo- 
graphs taken by the ordinary methods, must be made with due 
regard to certain peculiarities of photographic action, or the 
results may be misinterpreted. Without a series of elaborate 
subsidiary investigations, little can be predicated from the mere 
fact that two unequally dense parts of a photographic image have 
a certain ratio of intensity. Given two unequally bright objects, 
their photographic images may be made to have almost any 
desired relative intensity. This ratio is affected by the length 
of the exposure, the manner of development, the kind of plate 
used, and other variable factors. Indeed, it is quite possible to 
reverse the order of intensity, so that the brighter object may 
give the weaker image. These photographic phenomena are 
constantly taken advantage of in ordinary photographic opera- 
tions. About all that it is safe to assume is, that (setting aside 
certain limiting conditions not likely to be met with in nebular 
photography), equally dense parts of the negative correspond to 
equally bright parts of the object. Here it is also taken for 
granted that the quality of the light is the same in both cases. 

In these experiments I wished to be able to draw conclusions 
from differences as well as from equality of density. What I 
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aimed at, therefore, was to produce two photographs of the nebula 
on the same night, one taken on an ordinary plate and in the ordi- 
nary manner, the other taken with the color screen and on an 
isochromatic plate, the exposures in the two cases being so timed 
that, when the plates were placed in a tray and developed 
together, the Huyghenian region should develop in the same 
manner on both negatives, and should appear equally dense when 
they were fixed. These conditions were in fact pretty closely 
fulfilled in practice. 

For example, on February 9, 1899, ^^ orthochromatic plate, 
protected by the color screen, was exposed in the telescope for 
two hours and twenty minutes. The screen was then removed, 
and exposures of four, five, and six minutes respectively were 
given to three ordinary plates. The four plates were placed in 
a tray and developed together, and it was found that the four- 
minute plate and the orthochromatic plate developed with about 
equal rapidity. 

In these experiments the focus was adjusted by means of an 
achromatic eyepiece. When the screen was used, the focus was 
adjusted with the screen in place, and when the screen was 
removed the focus was readjusted, the change of focus caused 
by the thickness of the glass being quite perceptible in the case 
of an instrument having so large an angular aperture as the 
Crossley reflector. 

The plates used with the screen were the Cramer ** Isochro- 
matic Instantaneous.'* The best photograph was, however, taken 
with one of the ordinary plates (Cramer's '* Crown"), stained 
with a dilute ammoniacal solution of erythrosin, and used on the 
evening of the day on which it was prepared. 

I have now to describe the results of the investigation. In 
one respect these have been disappointing. I had hoped that 
with the color screen and orthochromatic plate an exposure of 
two or three hours would be sufficient to give a good picture of 
the nebula, including even the faintest portions — such a picture 
as the eye would see if its sensitiveness could be greatly increased. 
But the actinic power of the less refrangible rays of the nebula 
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proved to be so feeble that an exposure of many hours would 
have been required for this purpose. 

Comparing the photographs made by the two methods which 
have been described, we have, as the principal result of the 
investigation, the fact that when the intensity of the Huyghenian 
region is the same in each case, the intensity of the remote parts 
of the nebula and outlying streamers is very much less on the 
photographs taken with the color screen on orthochromatic 
plates. Conversely, where photographs made by the two 
nrethods, on the same night, show an equal extent of nebulosity, 
the Huyghenian region is very much more intense on the ortho- 
chromatic plate. We infer, therefore, that in the remote parts 
of the nebula the two lowest nebular lines are weak, or the 
hydrogen lines strong, as compared with the Huyghenian region. 
Thus the results of spectroscopic researches are confirmed, and 
are extended to parts of the nebula which are too faint for 
visual observation. 

A check on the results, which I have not yet referred to, is 
afforded by the numerous stars scattered through the nebula. 
The brighter stars in the nebula, and the Orion stars generally, 
are of the first type, and very rich in violet light. It may pretty 
safely be assumed, therefore, that the great majority of the small 
stars in the nebula are also of the first type, and hence that their 
photographic activity is reduced by the color screen in at least as 
great a ratio as that of the nebula. Now on orthochromatic plates 
obtained as above, both stars and Huyghenian region are strong, 
while on the ordinary plate, with weaker stars and Huyghenian 
region, a far greater amount of diffuse nebulosity is shown. 

By far the most obvious effect of the color screen is to reduce 
the intensity of all the fainter parts of the nebula, as compared 
with that of the Huyghenian region. Not all the fainter regions 
are however depressed in the same proportion, and some of these 
cases call for special remark. 

The long scimiter-like streamer extending from the central 
part of the nebula toward the south — the Proboscis Major — 
seems to be the least affected of all the outlying parts. It is 
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quite strong on the photographs taken with the color screen. 
Now this streamer is easily visible with telescopes of moderate 
size, having been discovered, in fact, by Messier, as far back as 
1 77 1, with a telescope of 3.3 inches aperture. We may infer 
that the first and second nebular lines are fairly strong in its 
spectrum. 

Close to the streamer, on the west, and running parallel to it, 
is a shorter streamer, which is not easily visible. It is not shown 
in the drawings of Herschel, Lord Rosse, Bond, or Trouvelot, or 
in any of the drawings I have examined, except LasselFs draw- 
ing of 1862^ where it is quite accurately represented. I see it 
without much difficulty with the Crossley reflector, though of 
course with the advantage of a knowledge of its existence. 

The photograph taken with the color screen accords perfectly 
with the view in the telescope. The Messerian branch, or Pro- 
boscis Major, is strong and well defined ; the parallel branch is 
but faintly visible. But on -an ordinary photograph these two 
branches are of very nearly equal intensity, so that it is hardly 
possible to photograph the first without showing the second. 
This I regard as one of the most interesting results of the inves- 
tigation, as it explains at once the cause of a striking discrepancy 
between celebrated drawings and photographs taken by the 
methods hitherto in use. The principal (lower) nebular lines 
are relatively strong in the spectrum of the Messerian branch, 
and the hydrogen lines are relatively strong in the spectrum of 
the companion streamer. 

The nebulosity surrounding the star Bond 734, north of the 
main nebula, is greatly weakened by the color screen. The 
spectroscopic observations of this region which have been made 
here by various members of the Lick Observatory staff, by Pro- 
fessor Runge, and by myself, showing the great predominance 
of the hydrogen lines, are thus confirmed. The image photo- 
graphed through the color screen is no doubt almost entirely 
due to the H& line. 

West of the brighter part of the nebula is a series of beauti- 

^ Knowledge t xa, 149, 1889. 
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ful curves of nebulosity, which begins about midway between 
the stars Bond 335 and 387 and extends toward the northeast. 
The scalloped edges of this nebulous stream have very consider- 
able actinic power. They arc easily photographed with an expo- 
sure of two minutes on an ordinary plate, on which they have 
about the same intensity as the Messerian branch. 

These bright edges are not shown on any of the drawings 
that I have examined, and I have not been able to see them with 
the Crosslcy reflector. Their invisibility is explained by these 
experiments in the same way as in the other cases I have men- 
tioned. The edges of the loops are shown, very faintly, on only 
the strongest of the photographs taken through the color screen, 
and hence their actinic power may be attributed to the upper 
series of hydrogen lines in their spectrum. 

It was my intention to illustrate this article with photographs 
of the nebula taken by the two different methods, so that the 
reader would be enabled to make his own comparisons ; but the 
great differences of density incident to the insufficient exposures 
make the negatives unsuitable for reproduction, and I have there- 
fore contented myself with a description of the results. 

Mr. H. K. Palmer and Mr. E. F. Coddington, holding Fellow- 
ships at the Lick Observatory, have rendered efficient assistance 
in the observations. 

Lick Observatory, 
Mt. Hamilton, March I, 1899. 



ON THE WIDE COSMICAL DISSEMINATION OF 

VANADIUM. 

By B. Hasselberc;. 

In a previous communication to this Journal' I have pointed 
out the interesting fact that the mineral rutile generally contains 
vanadium in small amount, but varying from one specimen to 
another. This result was first arrived at by comparing the arc- 
spectrum of titanium with that of vanadium, the former having 
been produced by introducing a small fragment of a Norwegian 
rutile into the arc, whereby some of the most important vanadium 
lines appeared therein as impurities. Among the lines thus 
observed the brilliant group at \4408-4379 is the first to appear, 
the presence of even the slightest trace of the metal in the arc 
being sufficient for this purpose. On account of this fact I have 
generally employed this group of lines for the spectroscopic 
investigation of the different rutiles in this respect, and with the 
result stated above. Now the circumstance that among the 
results of ordinary chemical analysis of the mineral in ques- 
tion quoted by Dana'' nothing about the presence of vanadium 
occurs, made the supposition that the observed fact would be an 
entirely new one very probable, the more so as the smallness of 
the amount of the metal entering into the composition of the 
rutiles seemed sufficient to explain the failure to detect it by ordi- 
nary chemical methods. This is, however, not the case, because 
as I have lately found, vanadium was discovered in rutile from St. 
Yrieix in 1 861 by the analyses of St. Claire-Deville.3 

In addition to the rutile from St. Yrieix vanadium was met 
with, according to St. Claire-Deville, in many other minerals, the 
number of which has lately been considerably increased by the 
researches of Dieulafait, Becchi, and especially Hillebrand, who 

' This Journal, 6, 1897. 

*Dana, Descriptive Alineralogy^ 5th edition, New York, 1883, p. 160. 
^Annates de Chimie et de Physique, IH Sdrie, 61, 342, 1861. 
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by careful analysis has determined the small quantities of 
vanadic oxides contained in a great multitude of the most heter- 
ogenous substances.* Thus vanadium, although in general quan- 
titatively very scarce, must be considered as one of the most 
widely disseminated chemical elements on the Earth. 

As to the occurrence of vanadium in the heavenly bodies, 
there can be no doubt that this metal enters into the composition 
of the general reversing layer of the Sun. Indeed, the detailed 
investigation of its spectrum in the electric arc, which I have 
just finished,* shows that from the several hundreds of lines 
determined therein a considerable number correspond to absorp- 
tion lines in the general solar spectrum. But it is a remarkable 
fact that the lines thus represented are only the very strongest 
and that the solar lines matching them are generally exceedingly 
faint, while the lines of medium and feeble intensity in the 
spectrum of the metal are totally wanting in the Sun. This 
seems to indicate that the quantity of vanadium vapor present 
in the general absorbing layer is rather insignificant, or that it is 
mainly restricted to regions of more elevated temperature. The 
contrast in this respect is very striking between the general sur- 
face of the Sun and the spots, in the spectra of which the 
vanadium lines, according to Young, play a very prominent part. 

How far it may be possible to trace vanadium in the atmos- 
pheres of the stars is a question impossible to settle at present. 
On account of the extraordinary weakness of its absorption 
lines in the general solar spectrum, it is evident that for this 
purpose we must learn much more than we know at present 
regarding the details of stellar spectra. However, the many 
analogic? existing between the Sun and the stars make the sup- 
position of the presence of the metal among their constituent ele- 
ments at least not improbable, especially in cases where there are 
reasons to suspect the existence of numerous spots. 

Besides the great suns peopling space there is another class 
of cosmical bodies, the chemical investigation of which is of no 

'^ American Journal of Science^ 6, 1898. 
'This investigation will soon be published. 
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less importance, namely, the meteorites. This is particularly 
true, as in their case the chemical analysis can be made with a 
far greater degree of completeness than is possible to attain for 
all other heavenly bodies with the methods of research now 
available. It seems rather strange that spectrum analysis, the 
different applications of which are so numerous and profitable, 
has been so little employed in this field. Indeed, so far as I am 
aware, the researches of Lockyer upon the arc-spectra of the 
Nejed and Obernkirchen meteoric irons,' and those of Hartley 
and Ramage concerning the spectra of certain meteorites in the 
oxyhydrogen flame,' are the only instances of any importance in 
this direction. Now it is scarcely necessary to point out the fact 
that, in order to acquire a more accurate knowledge of the cos- 
mical distribution of the chemical elements, an extensive use of 
spectroscopic methods is most likely to supply the necessary data. 
From this point of view I have lately undertaken to investigate 
by means of spectrum photography the arc-spectra of a consid- 
erable number of meteorites of different countries and dates. 
I owe the possibility of these researches to the kindness of Baron 
Nprdenskiold, who for this purpose has placed the great collec- 
tions of the Royal Museum at my disposal. 

Among the results already obtained from a first review of 
the spectrum photographs I will confine myself for the present 
to those regarding the presence of vanadium in these bodies. 
For the settlement of this question I have photographed on the 
same plate the aforesaid principal group of the vanadium spec- 
trum and adjacent lines, together with the same part of the spec- 
trum of the meteorite under investigation. From a careful 
scrutiny of the plates thus obtained it is easily decided whether 
or not the metal is present in the meteorite. The results of 
this investigation are contained in the following table, in which 
the first column gives the names of the meteorites, together with 
the designation of their general character as stones (5) or 
irons (/), and the succeeding columns the comparative inten- 

^ Phil, Trans,j 185 A, 1023, 1894. 

* Scienii/ic Proceedings of the Dublin Society ^ 8, 1898, 
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sities in their spectra of the vanadium lines, the wave-lengths 
and proper intensities of which are indicated at the top of every 
column. The scale of intensity is such that the numbers 6 ... I 
designate its successive steps from the strongest to the weakest 
lines ; lines of intermediate intensity are indicated by two 
numbers, as 1.2, 2.3, or by the signs + or — annexed to the 
numbers:' 

From an inspection of this tible it is immediately evident 
that the amount of vanadium contained in the meteorites is cer- 
tainly very small. Indeed, the intensity of its lines in their 
spectra is generally very insignificant compared with the almost 
dazzling brilliancy of the same lines in the spectrum of the 
metal. But, on the other hand, the behavior of the different 
meteorites in this respect is very dissimilar, and consequently 
also the relative amount of vanadium entering into their compo- 
sition must vary in a corresponding degree. Thus the meteorites 
from New Concord, Lundsg&rden, Knyahinya, and Soko-Banja, 
for instance, are certainly much richer in vanadium than those 
from Stalldalen, Hessle, Cleguerec and several other places. 
Another fact of very high importance, I think, immediately 
strikes the eye, namely, that all meteoric stones invariably con- 
tain more or less vanadium, while in the meteoric irons proper 
not the least trace of the metal has been found.' In conformity 
with this the mesosiderites, which, from a mineralogical point 
of view, take an intermediate position between the stones and 
irons, in some cases contain a small amount of vanadium, in 
others are completely destitute of it. From this remarkable 
behavior of the two main classes of meteorites, it may be inferred 
with a not inconsiderable degree of probability that their cos- 
mical origin is also different. 

In his spectroscopic researches upon the Nejed and Obern- 
kirchen meteoric irons Lockyer has also mentioned vanadium 
among the elements which are with some probability present 

* The symbol ir indicates that the line in question is present only as a barely visi- 
ble trace. 

= The only exception to this general rule is the meteoric iron from Greenland. 
May not this perhaps be a terrestrial ore ? 
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therein. This conclusion is based on the occurrence in their 
spectra of the following four lines ascribed to this metal : 

4119.6 4115.1 

18.0 12.5 

On comparing these positions with the spectrum of vanadium 
I find that only the first and the last are represented with suffi- 
cient accuracy by the lines 4119.58 and 41 12.47, while ^" ^^ 
two other cases the difference in wave-length from the nearest 
vanadium lines at X 4118.34 and 4115.32 is too great to make 
the identity probable. But even supposing that the identity 
were perfect, this seems to be of little importance in view of the 
fact that among the lines in the meteoritic spectrum observed by 
Lockyer, the great principal vanadium group at X 4408-4379 is 
completely wanting. From this circumstance it may with great 
probability be concluded that the lines named above do not really 
belong to vanadium, and that consequently this metal cannot be 
considered as entering into the composition of the two meteorites. 

However, with the view of testing the matter more thor- 
oughly, I have also photographed the vanadium group in ques- 
tion and its vicinity, together with the corresponding parts of the 
spectrum of the Nejed iron, but without finding on the photo- 
graph the least trace of the lines observed by Lockyer, with 
exception of 4118.34, which is prolonged as a very faint line in 
the Nejed spectrum. But this faint line belongs to carbon. If it 
further be added that of such adjacent strong vanadium lines as 

A I 

4128.25 3.4 

23-65 3 

16.65 3 

15.32 3.4 

11.93 4 

and several others nothing is seen in the spectrum of the meteor- 
ite, it may safely be concluded, I think, that vanadium does not 
enter into its composition any more than in other specimens of 
the same class. 

Stockholm, 
February 1899. 



A 


I 


4109.94 


3 


05.32 


3 


02.32 


3 


4099.93 


4 



ON THE SPECTRUM OF THE GREAT NEBULA IN 

ANDROMEDA. 

By J. SCHEINER. 

On account of their faintness the continuous spectra of the 
nebulae have been hitherto little investigated. H. C. Vogel was 
able to recognize dark stripes in the spectrum of the readily 
resolvable cluster in Hercules, Messier 13, but it was impossible 
to measure them and thus to establish the nature of the spec- 
trum. Vogel showed that it was a characteristic common to all 
continuous nebular spectra that the maximum of visual intensity 
is displaced from its usual position in the yellow toward the 
green. It is known today that this observation is to be attrib- 
uted to physiological causes. Statements by other observers as 
to the continuous spectra of nebulae are not known to me. 

The continuous spectrum given by the Orion nebula in addi- 
tion to its gaseous spectrum was easily photographed with a 
small spectrograph, which, in combination with a mirror of 32 cm 
aperture and 96 cm focal length, possessed an especially large 
light-power for objects of extended surface. This induced me 
to attempt to photograph the spectrum of the Andromeda 
nebula. With an exposure of three and one half hours the first 
traces appeared of a spectrum, in which a strong absorption 
band could be clearly perceived, which I took to be the H'i 
line. This led me to carry the exposure still further, and thus 
I obtained, with the assistance of Dr. Ludensdorf, a plate of the 
spectrum of the Andromeda nebula with an exposure of seven 
and one half hours in January of this year. The continuous 
spectrum can be clearly recognized on it from F to H, and faint 
traces extend far into the ultra-violet. A comparison of this 
spectrum with a solar spectrum taken with the same apparatus 
disclosed a surprising agreement of the two, even in respect to 
the relative intensities of the separate spectral regions. The H 
line could be seen very distinctly, so that the band noticed on 
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the first plate could be referred to it. The measurement led to 
the indisputable result that the band corresponds to the G group 
in the solar spectrum and not to the H^ line. It is thus proven 
that the Andromeda nebula exhibits a spectrum of Class II/z, or 
further that the greater part of the stars composing the nucleus 
of this nebula belong to the second spectral class. 

Since now our stellar system, viewed from a distance, would 
show a spectrum quite closely approximating that of the first 
spectral class, we may further reason that the system of the 
Andromeda nebula is now in an advanced stage of development. 
No traces of bright nebular lines are present, so that the inter- 
stellar space in the Andromeda nebula, just as in our stellar 
system, is not appreciably occupied by gaseous matter. 

I beg to call attention on this occasion to a few further 
points. The Andromeda nebula belongs to the class of the 
spiral nebulae which all give a continuous spectrum. Since the 
previous suspicion that the spiral nebulae are star clusters is now 
raised to a certainty, the thought suggests itself of comparing 
these systems with our stellar system, with especial reference to 
its great similarity to the Andromeda nebula. The inner part 
of the Andromeda nebula corresponds to the complex of those 
stars which do not belong to the Milky Way, while the latter 
corresponds to the spirals of the Andromeda nebula. The irreg- 
ularities of the Milky Way, especially its streams, can be quite 
well accounted for, as Easton has attempted to do, if they are 
regarded as a system of spirals and not as a ring system. The 
most important ground for this view to me lies in the fact that 
all the the ring nebulae possess gaseous spectra, in contrast to 
the spiral nebulae. 

In spite of the unfavorable projection under which we see 
the Milky Way, it does not seem impossible to establish the 
spiral character of the principal forms, and, furthermore, to 
bring the proper motions of the stars of the Milky Way into 
relation with this. 

Potsdam, Kgl. Observatorium, 
January 1899. 



OBSERVATIONS OF THE LEONID METEORS OF 1898. 

By E. E. Barnard. 

An early watch was begun here for the expected return of 
the Leonid meteors. Indeed, every clear night from the first of 
November was utilized for more or less prolonged watches. 
Cloudy and stormy weather, however, interfered very much. 

One striking thing in these early watches was the remarkable 
scarcity of meteors of any kind. 

A few of the notes in the first part of the month may be of 
interest as showing^ that the Leonids, probably, did not make 
any very early appearance. 

Nov. 4. From 7^*5" to 10** 40™ meteors were very scarce ; 
only two or three faint ones were seen and none from the east. 

Nov. 7. During the night casual inspections of the sky, 
during other observing work, showed no meteors. 

Nov. 8. Cloudy all night. 

Nov. 9. Cleared after dark. At 10** 50° a magnificent golden 
fireball, four or five times brighter than Venus, shot from near 
Alpha Cassiopeiae, and disappeared near the stars in the head of 
Draco (the 12-inch dome prevented its exact point of disappear- 
ance being ascertained). It passed about 4° north of Alpha 
Cephei. Very few meteors were seen during the entire night. 
At 17** 0° a Leonid appeared 30° south of the radiant, going 
southwards with a path of about 20° and leaving a faint trail. 
This was the only meteor that came at all from the direction of 
the radiant. 

Nov. II. Watched all night. No meteors jeen in the first 
part of night. From 12** o" to 12^ 40" seven faint meteors were 
seen, one as bright as the fourth magnitude. These were mov- 
ing towards Leo, apparently from a radiant in Gemini or Orion. 
From 13** 15° to I3^45"three meteors were seen — one a Leonid 
of the fourth magnitude which was moving east. From 15** 10™ 
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to 1 5** 30" five small ones were seen ; one of these was probably 
a Leonid. From 15** 50"* to 16** 5°* five small meteors were seen 
all from Leo, but none from the radiant. They seemed to come 
from a point 10^ or 15° west and north of the radiant. From 
jgh jm ^Q jgh 25m six were seen to come from the west of 
Leo, from the direction of Mars ; only one came from the radi- 
ant. These were all swift and nearly all faint. From 16** 55™ 
to 17^ 20"* three were seen; one from Leo — but not from the 
radiant — this one cut the handle of the sickle at right angles, 
and was going east. From 17** 20" to 17** 40° the sky was more 
or less hazy, and no meteors were seen. 

Nov. 12. From 6** o" to 9** 10" only one or two faint meteors 
were seen. None of these could have been from the radiant 
From 10** 10" to 10** 25° no meteors were seen. From 10** 35" 
to 10^ 50" no meteors. Frequent watches up to 12** 30°* when it 
clouded all over. Waited and watched until 18** o" but the sky 
remained densely clouded. 

Nov. 1 3. Cloudy, but from 6^ 30° to 7** o" the clouds thinned 
down, and then closed in again. At 7^ 45" the sky was thick, 
but a few bright stars could be seen overhead for a few minutes. 
At 8** 5°* the sky cleared for about ten minutes, but no meteors 
were seen. It clouded again and remained so as late as 18^ 10", 
during which time no stars could be seen, though a watch was 
kept up all night. 

Nov. 14. Densely clouded with frequent rain until 12** 30", 
when the sky began to clear. 

At this time a few meteors were seen, mostly low in the north- 
west near Alpha Cygni. That these were Leonids was shown 
by the persistent streaks they left and by their direction of 
motion. From this time the meteors gradually increased in 
number. Sevetal hundreds were seen until towards daylight. 
They seemed to increase until between 15 hours and 16 hours 
when the maximum seemed to occur. After that time many 
meteors were seen, but the shower was noticeably over before 
daylight approached. 

The meteors came in spurts ; for a few minutes none would 
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be seen, then there would follow a flight of half a dozen or more, 
coming in quick succession, and moving more or less in the same 
direction. 

One striking feature was the entire absence of any meteors 
at the radiant ; very few were seen anywhere near it, and these 
were mostly small ones. In general the first appearance of a 
meteor was from 90^ to 100^ from the radiant, and many of 
them made their appearance at a much greater distance than 
this. If a person had confined his view to within a radius of 
20^ from the radiant, he would not have known anything out of 
the ordinary was in progress, and if throughout the display he 
had kept his watch to the east of the radiant he would scarcely 
have seen a meteor. 

A few meteors identical in color and streakiness with the 
others, seemed to pass at a distance as much as 10'' from the 
radiant. 

There was a large percentage of bright meteors, that is, 
attaining the first magnitude. There were no very great ones 
however, only one attaining anything near the brightness of 
Venus. 

The meteors were all white, with very rapid motions, leaving 
beautiful greenish or bluish streaks, which persisted for a large 
fraction of a second. None of the meteors appeared to Explode ; 
they simply rapidly increased in brilliancy as if forcing their way 
through a dense resisting medium. 

Mr. G. W. Ritchey, who observed most of the time with Mr. 
Ellerman and myself, has kindly supplied me with the following 
counts of the meteors seen by him from 14** 55" up to 17** 25° 
from frequent watches ; to this is added the hourly rates derived 
from the counts. These show that the maximum was past by 
16** o". 

There is one point, however, that has since occurred to me 
that might seriously affect a determination of the time of actual 
maximum of the shower. I have already stated that the majority 
of the meteors were seen far to the west of the radiant. As the 
radiant ascended towards the meridian, as morning approached. 
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the visible region of meteors would pass below our horizon to 
the west, and an apparent diminution in the counts would result 
This, of course, would not affect the northerly meteors ; but 
those in the north were always few compared to those in the 
west. Though this cause might produce an early apparent 
maximum of meteors, it should also have caused the meteors 
to be more plentiful in the early watches, if the shower was then 
in full force. I feel, therefore, pretty certain that the shower 
was not far advanced when it cleared here. 

COUNTS OF METEORS BY G. W. RITCHEY. 
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During these counts Mr. Ritchey saw two small meteors in 
the southeast within ten minutes* time of each other, and in the 
same region, which had a slow undulating motion, as if whirling 
end over end in their flight through the atmosphere. 

At 17** 17" a meteor equal to Venus left a bright train a little 
north of Capella which remained visible for two or three minutes, 
and in this time gradually drifted towards the north. During the 
observations I recorded the paths of thirteen meteors, which 
indicate a radiant at R. A. = 9^ 56°* ; Declination = + 24°. 

In every respect this was the finest display of meteors I have 
yet seen. 

Preparations had been made to try and photograph the 
meteor trails. Though a great number of plates were exposed 
for intervals of something like twenty minutes each, from 13** 
40" to 17** 45" no trails were secured. This in itself was a dis- 



THE LEONID METEORS I 5 5 

appointment, but the result was not unexpected when the shower 
was over, for though a watch was kept on the regions covered 
by the cameras no bright meteors were seen to cross their fields 
of view. 

The plates used were Cramer •* Crown," which are rapid 
plates. The development was very carefully done, and though 
each plate showed a great number of star images no meteor 
trails were found. 

The flight of the meteors was very rapid — too rapid for the 
smaller ones to leave trails, and no large ones crossed the plates. 

Five cameras, a 6 J^ -inch, three 4 J^ -inch lenses by Brashear, 
and one 3 3^ -inch, were fastened to an ingenious polar axis con- 
trived by Mr. EUerman from a combination of the equatorial 
mounting of the 24-inch Ritchey reflector, the clockwork of the 
12-inch Brashear refractor, and some heavy boards to extend 
the polar axis, and a couple of wooden trestles to support the 
upper end of the wooden portion of the polar axis. 

The cameras were so arranged that the 6 J^ -inch could be 
pointed at the radiant and the others to different parts of the 
sky north and south and west of the radiant, so as to cover as 
wide a region as possible. Two of these cameras carried 8X lO 
plates, one a 6}4xSj4t a'nd the two others 5x7 plates. 

The original program was to change the entire series of 
plates every ten minutes, but the relative scarcity of meteors 
showed this was unnecessary, and the changes were made about 
every twenty minutes. 

From the fact that the most barren region of meteors was 
that of the radiant it was decided to throw the whole system 
of cameras more to the west in the direction in which most 
meteors were seen. In all some forty-five exposures were 
made. 

The star images on these plates are not good, because of the 
instability of the mounting when loaded with all the cameras, 
but this, of course, would have no deteriorating effect in photo- 
graphing the path of a meteor. 

I am very much indebted to Messrs. Ellerman and Ritchey 
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for help on the night of the 14th, and a general interest through- 
out the observations. 

Though the photographic results were discouraging, I have 
much faith in the method, and this has been strengthened by the 
results at Harvard and Yale. 

I have already shown [Popular Astronomy No. 46, 5, 281) that 
I do not think the presence of the Moon at the coming Novem- 
ber shower of these meteors will materially interfere with photo- 
graphic observations of them where the exposures are not too 
prolonged. The Moon must seriously interfere, however, with 
the visual observations, and the grandeur of the display as a 
spectacle will be more or less lost in the bright moonlight. 

The watch for meteors was continued at frequent intervals 
throughout the night on November 15, when time permitted 
from other work. The radiant appeared to be perfectly dead, 
and no Leonids were seen. One small meteor was seen at 
J jh jm which might have been a Leonid. 

On this date the great telescope was turned to the radiant, 
and two nebulae, not in the N. G, C. were found 

i) 1860.0 a -=9** 55" 4*; 8 = + 22° 22.0' F. Elongated. 
2) 1860.0 a= 9 55 15 ; 8^-|-22 21.5 S. V. F. Elongated. 

The positions are estimated from stars near, but will be 
fairly close approximations. 

On November 16, no meteors were seen that could be 
traced to the radiant. 

The times in all the observations are six hours slow of 
Greenwich. The Andromedes were looked for on November 
22, 23, 24, and 26. The 27th and 28th were cloudy. Nothing 
was seen of these meteors. 

Yerkks Observatory, 
March 2, 1899. 



PHOTOGRAPH OF THE MILKY WAY NEAR THE 

STAR THETA OPHIUCHI. 

By E. E. ' B A R N A R D. 

One of the most remarkable and singular regions photo- 
graphed with the six-inch Willard lens during my connection 
with the Lick Observatory is that shown in the present picture 
(Plate H). 

To the naked eye Theta Ophiuchi occupies a rather dull 
region of the Milky Way, which is perhaps made more obscure 
by the brilliant star clouds southeast of it. If one examines this 
region with the naked eye, he will see a long dull vacancy, run- 
ning east and west, to the south of Theta; otherwise the naked 
eye sees nothing remarkable in the immediate vicinity of the 
star. The photograph, however, shows that this region is very 
remarkable, and that certain features shown here do not seem 
easily explainable without the assumption that the entire ground- 
work of the Milky Way at this point has a substratum of nebu- 
lous matter, though I must confess that it does not look entirely 
like nebulosity on the plate. 

As will be seen, the great dark strip, which is faintly visible 
to the naked eye, is shown to be an irregular rift in the sheeting 
of stars, and extending not only south but to the east and north 
of Theta. North of that star it breaks up into irregular dark 
apertures, and extends in a straggling manner to the western 
edge of the plate, from whence, my photographs show, it extends 
in a broken manner to the wonderful nebulous region about Rho 
Ophiuchi, and is connected with the southerly and most distinct 
of the great vacant lanes near that star. 

The peculiarity which I have suggested might imply a nebu- 
lous background here, is the singular feature of dark details in 
the dark rifts and apertures, which are nowhere so remarkably 
shown as in this plate, though they are noticeable in the vacan- 
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cies near Rho Ophiuchi and to the east of the present plate 
(near 58 Ophiuchi). However, this region, from Rho Ophiuchi 
to a few degrees beyond 58 Ophiuchi, may be considered as one 
and the same region, for it is singularly different from any other 
portion of the Milky Way. Just north of Theta Ophiuchi is a 
small sharply defined S-shaped aperture in the mass of stars that 
looks almost like a defect, so distinct does it appear. 

These peculiar dark apertures strongly remind one of the 
appearance sometimes presented in the umbra of Sun-spots, 
where a darker hole lies in the dark central spot, as if the cavity 
were partly veiled with some sort of medium that itself had 
apertures in it — or a hole within a hole. 

An earlier photograph of nearly this same region was pub- 
lished in the Plwtographic Times for August 1895, t>^^ ^ think the 
present picture, which has never before been reproduced, shows 
the peculiarities of this part of the sky considerably better than 
the previous photograph. 

Yerkes Observatory, 
March 2, 1899. 



REDUCTION TO THE SUN OF OBSERVATIONS FOR 
MOTION IN THE LINE OF SIGHT. 

By Frank Schlesinger. 

Spectroscopic observations for motion in the line of sight are 
said to be reduced to the Sun when they have been corrected for 
whatever motions the observer has had with respect to the Sun. 
These motions fall under two heads ; 

1. That due to the diurnal rotation of the Earth. 

2. The motion of the Earth as a whole, including not only 
its elliptical motion but also the effects of perturbations. 

The first of these motions is easily eliminated ; let 

a, S, be the mean right ascension and declination of the star. 

^, the latitude of the observer. 

/, the sidereal time. 

Adopting the usual convention by which approach is denoted 
by the negative sign and recession by the positive, we have the 
following correction in kilometers per second to be added to the 
observed velocity : 

[9.666] sin (/ — a) . cos 8 . cos <^- 

For a fixed station <f> is constant and this correction, which has 
a maximum value of only 0.46 kilometers per second, may be 
conveniently tabulated with (/ — a) and S as the arguments.* 

In order to calculate the effect of the Earth's motion as a 
whole, let 

AX be the component of this motion in a direction parallel 
to the line of equinoxes. 

AF, the component perpendicular to AJTand parallel to the 
plane of the equator. 

AZ, the component perpendicular to plane of the equator. 

All the principal ephemerides tabulate the values of the Sun's 

*See W. W. Campbeirs paper in Astronomy and Astro- Physics, 11, 319 (April 
1892). 
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equatorial rectangular coordinates for every twelve hours in the 
year. In addition the Berlin Jalirbuch\izs since 1896 given the 
differences of these coordinates at 3 hours and 1 5 hours of each 
day, Berlin Mean Solar Time. It is evident that these differ- 
ences may be regarded as the component velocities defined 
above, in which the unit of time is twelve hours and the unit of 
length is the mean radius vector of the Earth's orbit. AA'is 
positive from September 22 to March 21, and negative during 
the other half of the year. AFand AZare positive from Decem- 
ber 21 to June 21. 

The correction to be added to the observed velocity is 

[3'5392«] (A-Y . cos a . cos 8 + A K . sin a cos 8 -\- AZ sin 8). 
The factor [3.5392„] serves to reduce the correction to kilo- 
meters per second and was computed with 8.80' as the solar par- 
allax. A change of 0.0 1' in this constant would correspond to 
a maximum change of 0.03 kilometers per second in the correc- 
tion ; this is the greatest, and indeed practically the only source 
of uncertainty in the above formula. 

In interpolating between thcjahrbuch values of A^, etc., for the 
moment of observation the nearest half hour will be sufficient. A 
difference of 30 in the last two places of decimals corresponds to 
only 0.0 1 kilometers per second. The accompanying table is 
intended to facilitate the interpolation. The hourly changes in 
^X, AKand AZare given at intervals of ten days. This table 
may be used in any year whatsoever, until the accuracy of these 
observations shall surpass o.Oi kilometers per second. 
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ON A NEW TYPE OF TELESCOPE OBJECTIVE ESPE- 
CIALLY ADAPTED FOR SPECTROSCOPIC USE. 

By Charles S. Hastings. 

The ordinary achromatic doublet, as invented by DoUand in 
the last century, is, as is well known, very far from complying 
with the condition implied in its name. For telescopes of small 
aperture, or even for those of very considerable aperture, if a 
ratio of focal length to aperture as great as that customary with 
Dolland be employed, the defect in color correction is neither 
very conspicuous nor very harmful in their ordinary use. But if 
the apertures are very large, as in our modern astronomical 
instruments, or if the length be reduced relatively to the diameter 
of the objective, this defect of secondary color aberration 
becomes very conspicuous and reduces the optical efficiency of 
the instrument very materially. The maximum inconvenience 
of the defect, however, falls upon the spectroscopist, who finds 
that, although the optical efficiency of his instrument is inde- 
pendent of the wave-length of light which he happens to be 
observing, the instrumental adjustments must undergo frequent 
changes for adaptation to different portions of the spectrum. 
Another familiar and obvious consequence of the secondary color 
defect is the impracticability of adapting the same instrument to 
purposes of both eye and photographic observation. 

It follows,' therefore, that the solution of the problem, first 
seriously undertaken, I think, by Fraunhofer, namely, to devise 
an absolutely color-free objective, is, and has long been, of con- 
tinuously increasing moment. Fraunhofer failed ; but unless 1 
greatly misapprehend the meaning of his own record of his 
work, the effort led directly to the discovery of the Fraunhofer 
lines and to the beginning of spectroscopy. It is true that 
nowhere, as far as appears in his published writings, does he state 

that this was his aim ; but in view of his very extended experi- 
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ments in varying the constitution of his glasses, of his studies of 
the minute dispersion characteristics of various substances, and 
of the extraordinary skill and conscientiousness in perfecting an 
instrument which has possessed no other error of importance 
since his unequaled contributions to the art of telescope making, 
few will question the validity of the inference. 

Doubtless many investigators since Fraunhofer*s time have 
attacked the same problem, but, so far as I am aware, without 
any recorded success until the writer showed, in a paper pub- 
lished in the American Journal of Science, Vol. XVIII, p. 429, 
that there were certain glasses, unfortunately not then procura- 
ble, which would yield, in a triple combination, an objective 
entirely free from color. Since then the extraordinary increase 
in number of materials at the command of the optician, resulting 
from the labors of Dr. Schott, of Jena, led the writer to return 
to the problem, with results which were published in a paper in 
Vol. XXXVII of the same journal, in 1889. A general method 
of dealing with all such problems was then developed and a 
number of triads were indicated which would yield the most 
favorable results. It is true that those given included a phos- 
phate glass which was believed by the makers to be permanent 
and has since proved not to be so ; but it was distinctly stated 
that the table exhibited a considerable number of other promis- 
ing combinations, and the general method of recognizing them 
was pointed out. 

It may properly be stated here that the latter paper also 
contained a general discussion of interesting double combina- 
tions, one of which promised to be of great value to spectro- 
scopists ; but the inability of glassmakers to supply large disks 
of the materials in question proved an unforeseen difficulty. 
Still, the writer employed this construction for a number of 
years for his spectrometer, and only displaced it recently by 
an improved type of objective. Professor Keeler has also 
employed the same construction, made by Mr. Brashear with 
my aid, satisfactorily in spectroscopic work. 

The experiments with triple combinations which followed 
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the paper last named met with an unforeseen difficulty. The 
particular triad which promised most in theory proved to have 
one of its numbers a perishable glass. This might possibly 
have been used by covering the objectionable material by a more 
permanent glass cemented to it, but this course is not with- 
out risk, and certain defects to be noted later are not so readily, 
eliminated if this method be chosen. The only practicable 
course seemed to lie in replacing this material by one beyond 
suspicion, and much time was spent in investigating the possibil- 
ities of this means. It was found, as appears from the paper cited 
above, that there was no difficulty in selecting triads which would 
meet the analytical condition, insuring complete diminution of 
color and subject to practical limitations as regards permanency; 
but the necessarily greater curvatures of the lens surfaces 
introduced a new source of imperfection, namely, chromatic 
difference of spherical aberration. Of course, thif, like all other 
errors, is present to a greater or less degree in all optical instru- 
ments which depend in any way upon refraction for their action. 
In telescopes, however, this error has never been sufficiently 
great to betray itself to the users, althoiigh clearly indicated by 
theory. Gauss, indeed, a long time ago, showed how to reduce 
this particular error to a residual of a higher order of minuteness, 
but the fact that his construction has never come into use is a most 
convincing proof that the error is quite negligible as compared 
to other defects inherent in the ordinary construction. But when 
we try to make a color-free triple objective after the methods 
of the paper of 1889, we find that the defect in question 
becomes of great moment. Especially is this true if we pre- 
scribe the cementing of the objective so that there shall be 
only two free surfaces. Such an objective, if corrected as regards 
spherical aberration for light-waves of mean length, would have 
strong positive spherical aberration for the red, and negative for 
the violet ends of the spectrum. It is true that this defect 
might not prove very obvious for a telescope which is to be 
used only for objects which are approximately white, but it would 
be intolerable in spectroscopic use. The obvious method of 
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reducing the error is to increase the ratio of the focal length to 
the aperture. This method, however, would introduce such 
serious structural and mechanical difficulties, and so far reduce 
the convenience of handling all spectroscopes to which it might 
be applied, that it seemed to me quite impracticable. 

As a possible means of securing the end in view, convinced 
as I am that its importance warrants any amount of labor, I lately 
turned to a consideration of the possibilities possessed by a com- 
bination of four varieties of glass. The investigation is neces- 
sarily somewhat laborious, as appears from the unusual conditions 
imposed from the outset ; but the time expended in attaining 
complete success was short, compared to the protracted investi- 
gations which led to a definitive rejection of the triplet as quite 
inadequate. In short, I have constructed an objective, consisting 
of a quadruple combination of silicate flint, borosilicate flint, sili- 
cate crown and barium crown, which possesses all the properties 
demanded. It has but two free surfaces, the four lenses being 
cemented together. With an aperture of one tenth the focal 
length, its focal plane is rigidly the same for all wave-lengths, 
from that of the Fraunhofer line A to that of K, while it is 
sensibly free from chromatic differences of magnification and of 
spherical aberration. With its perfect color correction, the well- 
known (but ordinarily overlooked) chromatic aberration of the 
eye becomes very sensible. This, however, I have eliminated by 
means of a specially devised ocular, so that, in my instrument, 
there is no reason why its length may not be made permanently 
invariable. One notable advantage in the construction will 
appear at once to all spectroscopists : wave-surfaces from the 
collimator being rigidly plane for all wave-lengths, the adjust- 
ment of the prisms for minimum deviation — provided always 
that their faces are accurately plane — ceases to be of impor- 
tance. Thus a construction, which must have occurred to every- 
one who has seriously studied the theory of the spectroscope, 
and in which the last prism of a train is of half the angle of the 
remainder, and silvered on the back so that the light retraces its 
course through the train, becomes entirely practical. Indeed, 
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my experiments with the new telescope lead me to prefer a con- 
struction of spectroscope in which the collimator and telescope 
are set at constant angle, and the prisms, arranged as above, are 
alone movable. This is the familiar construction of the grating 
spectroscope. 

Although the objective described above consists of four 
lenses, I imagine that a cemented system of five lenses would in 
some cases be preferable, especially in relatively large apertures ; 
but there is no doubt in my mind that four kinds of glass are 
sufficient, and, unless greater structural complexity is admitted, 
necessary for the ends defined. 

Should the construction meet my confident expectations and 
supply the spectroscopist with an optical instrument combining 
the merits of a reflector, with the greater merits of a refractor, 
it will be convenient to give it a characteristic name suggested 
by its properties. These are, as given above, chromatic differ- 
ences of focal distance, of focal length, and of spherical aber- 
ration, all reduced to practically zero, together with a mini- 
mum possible number of free surfaces. As such an objective is 
the same in its action upon light of all wave-lengths, I propose 
to call it an isokumatic system. 

Mr. Brashear, of Allegheny, who made for me the prisms for 
the study of these glasses, as well as scores of others, and whose 
unfailing good nature and constant readiness to lend me his 
efficient aid have greatly facilitated all my optical investigations, 
merits my unstinted acknowledgments. I have promised the 
necessary calculations if he is called upon to carry out for others 
a difficult piece of optical work which has yielded so much 
satisfaction to the writer. 

Yale University, 
March 1899. 



REMARKS ON THE METHODS EMPLOYED IN THE 
DETERMINATION OF THE RADIAL VELOCITIES 
OF THE STARS.^ 

ByH. Deslandres. 

Professor Vogel, Director of the Potsdam Observatory, has 
recently published in the Astronomische Nachrichten (No. 3483, 
March 1898) and the Astrophysical Journal (April 1898) a 
paper entitled ** Fehlerquellen bei den Untersuchungen uber die 
Bewegung der Sterne im Visionsradius." This article, which has 
just been brought to my attention, is devoted to a critical dis- 
cussion of a paper published by myself in the Bulletin Astronomique 
(February 1898) entitled ** Causes d'erreur dans la recherche des 
Vitesses radiales des astres. Importance de I'erreur de temper- 
ature. Methodes de correction/* In this paper I have presented 
the results of my own investigations on the cause of errors in 
the measurement of radial velocities due to temperature varia- 
tions, adding a few remarks on the means employed at Potsdam 
and at Paris to correct or eliminate them. But judging from the 
tone of his reply. Professor Vogel has taken offense at these 
remarks ; and as he seems to me to have exaggerated or imper- 
fectly understood their bearing or their purpose, I beg permission 
to present a few explanations in order to render my statement 
more definite and complete. 

At the outset I wish to state that I have the greatest admi- 
ration for the work of the Potsdam Observatory, and particularly 
for the investigations relating to the radial velocities of the 
stars. I have read with the greatest care and profit the various 
memoirs on the question, as well as Vol. VII (parts I and II) of 
the Publications of the Observatory, which Professor Vogel 
nevertheless charges me with not knowing. But, having studied 
the question myself, in several particulars my ideas and my 
results are not exactly the same as those of Professor Vogel. 

' Translated from A, N,y No. 3530, at the request of the author. 
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A variation in the temperature of the air in general produces 
a change in the index of the prisms of the spectroscope, and 
consequently a displacement of the spectrum, which is frequently 
of the same order as the displacement due to motion. This 
source of error does not affect visual determinations of radial 
velocity ; but in the photographic method, which Professor Vogel 
was the first to adopt, it is important, since the exposure for the 
star equals or even exceeds an hour. 

Professor Vogel briefly describes this source of error in the 
second half of page 24 of Vol. VII, and this statement is repro- 
duced complete in his recent article. His conclusion is as follows : 
"Changes of temperature can have no influence on the relative 
positions of the stellar and comparison lines when, as in actual 
practice, the comparison source acts during the entire exposure 
of the star, or at intervals symmetrical with respect to the middle 
of the exposure." 

For my own part, I have also studied with the greatest care 
the effect of a change of temperature during the exposure, and 
I have even employed a new method, based on the use of refer- 
ence spectra, which gives the exact displacement due to the 
change of temperature during the exposure of the star. This 
displacement, with the spectroscopes employed at the present 
time corresponds, for a temperature change of i°, to an average 
radial velocity of about 14 km per second. It varies with the 
nature of the prisms, and depends upon the precautions taken to 
protect them against changes of temperature. As a result of 
this experimental study we are led to distinguish in stellar 
spectroscopes an important quality, viz., the particular sensitive- 
ness of the spectroscope to variations of temperature. 

My conclusion, which differs from that of Professor Vogel, is 
as follows : Variation of temperature during the exposure is, 
under present conditions, the weak point of the photographic 
method ; for it is difficult to avoid and to completely correct. 
It stands in the way of long exposures which, in ordinary stellar 
photography, have given such excellent results. In general, it 
is the principal obstacle to great precision of measurement. 
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In support of this statement an immediate and general proof 
may be submitted. Even with carefully protected prisms the 
stellar spectrum is slightly broadened as a result of temperature 
changes. But when the lines become diffuse and lose their sharp- 
ness the fine lines frequently disappear ; and these are precisely 
the lines which can be measured most accurately. Undoubtedly, 
in the case of the broad hydrogen line of the white stars (Class I), 
which Professor Vogel employs in measuring the displacement, 
the broadening due to temperature is unimportant; but these 
same spectra contain fine lines, those of iron for example,' which 
are susceptible of more precise measurement, and which are 
affected by temperature changes. 

Other causes of error which also depend upon the tempera- 
ture have a direct effect in modifying the interval to be measured 
between the two widened lines. The method of using a ter- 
restrial source adopted by Professor Vogel may introduce an error 
of this kind. The luminous beams of the two sources to be 
compared are very different in the spectroscope. One is reduced 
to a plane triangle which traverses the central section of the 
prisms, while the other is a solid cone with circular base. Now 
prisms are poor heat conductors, and the center of the prisms 
differs in temperature and index from the edges. If the dis- 
tribution of temperature within the prisms is not symmetrical 
with reference to the central section, either from the manner of 
supporting the prisms or from an accidental cause, there may 
result a displacement of one line with reference to the other. For 
this and various other reasons it seems to me preferable to give 
the same aperture to the two beams which are to be compared. 

The arrangement adopted for the exposures of the two 
sources may also introduce small errors of a similar nature. 
Professor Vogel holds that the distance between the two widened 
lines is not affected when the terrestrial source is used during 
the whole exposure of the star. But in this case the intensities 
of the two sources must preserve a constant ratio, or, practically, 

' I recall the fact thiat I was the first to announce the great advantages to be derived 
from the use of the iron lines. Comptes Rendus^ 112, 413, February 1891. 
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remain constant ; and this condition is not always realized. If 
the star is not on the meridian (and it is very difficult to observe 
it always in this advantageous position) its brightness varies 
with the time ; the transparency of the air also occasionally 
undergoes variations which, though hardly sensible to the eye, 
are considerable with the blue and violet radiations. Moreover, 
may not the hydrogen Geissler tube, illuminated during a whole 
hour, be subject to changes arising from gradually evolved gases 
or irregularities in the interrupter of the coil ? The constancy of 
the Geissler tube requires special precautions. 

Further, Professor Vogel uses the terrestrial source at inter- 
vals symmetrical with respect to the middle of the exposure of 
the star.* But this single condition is not sufficient ; in my 
opinion it is also necessary to have the middle of each half- 
exposure of the terrestrial source coincide with the middle of 
each successive half of the star's exposure. In fact, if the tem- 
perature varies proportionally to the time, it is necessary and 
sufficient to make the middle of the exposure of the terrestrial 
source coincide with the middle of the exposure of the star. 
The same thing also holds, if the time of exposure of the star 
is very short, occupying only a few minutes, when the change of 
temperature is not proportional to the time. In the latter case, 
but with a long exposure of the star, an hour for example, it is 
necessary and sufficient to divide the star's exposure into succes- 
sive equal parts, and to make the middle of an exposure of the 
terrestrial source, equal for every part, fall at the middle of each 
of these parts. 

Professor Vogel favors placing the two half-exposures of the 
terrestrial spectra at the beginning and end of the star's exposure, 
which has a duration of an hour. It would be better to make 
the middles of these half-exposures come 15™ and 45" from the 
beginning. As in Professor Vogel's simple arrangement the two 
sources can work together without interfering with one another, 
this modification would be very easy to realize. 

* Professor Vogel does not give the customary length of each of these half- 
exposures. 
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Further, Professor Vogel's two half-exposures superpose their 
effects, and it is necessary to make them exactly equal. 

The arrangement that I have adopted in my own work, which 
consists in the use of auxiliary iron reference spectra, was described 
in 1894 {Comptes Rendus, 119, 1222) and subsequently adopted 
without material modification by Mr. Newall {Monthly Notices, 
June 1897). I divide the star's exposure of one hour into three 
equal parts of 20 minutes each, so that the middle of the expo- 
sures of the terrestrial source must take place 10™, 30", and 40" 
from the beginning respectively. Moreover, the three exposures 
of the terrestrial source (of 2™ each) do not superpose their 
effects, but give three juxtaposed spectra. This has the great 
advantage of registering the displacement due to the temperature dur- 
ing the exposure, atid of permitting the application of a suitable cor- 
rection if the variations are different in the two halves of the 
exposure. Moreover, this method makes it possible to judge 
more correctly of the true sharpness of the stellar spectrum 
than the plan followed at Potsdam. • 

Nevertheless I have been led in practice to make the three 
auxiliary exposures of iron at the beginning, middle, and end of 
the star's exposure, because the spectroscope employed at Paris 
with the great reflector is eight meters from the observer, so 
that the exposure of the star must be stopped in order to make 
the exposure of the terrestrial source. But as the three auxil- 
iary iron spectra are juxtaposed and not superposed, it is possi- 
ble to determine from the displacements at the observed 
temperatures the values they would have if the exposures had 
been made at 10", 30", and 50°, as demanded by theory, and 
thus to make the final correction. In my preceding paper I have 
not given all these details, which are necessary for an exact 
understanding of the ideas which have guided me and the final 
arrangement adopted. 

Summing the matter up, variations of temperature during 
the exposure introduce serious difficulties and diminish the pre- 
cision of the measurements. I have sought to eliminate this 
disturbing influence in two principal ways, by rendering the 
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temperature of the spectroscope constant during the exposure, 
and, on the other hand, by making a spectroscope insensible to 
temperature changes. 

In order to render the temperature constant I have employed 
successively automatic electric heating of the spectroscope and 
a continuous circulation of water around the apparatus. The 
variation has been diminished, but not altogether eliminated ; it 
would nevertheless be possible to do much better in this direction. 
Quite recently Professor Lord has announced' that he has 
employed electric heating with advantage at the Emerson 
McMillin Observatory. 

In my opinion a better solution is to construct a spectroscope 
insensible to temperature variations with M. Guillaume's ferro- 
nickel alloy and prisms of zinc crown. Four prisms of this 
material, the index of which does not change with the tempera- 
ture, of 66° refracting angle, with telescopes having focal lengths 
of from o.6om to o.8om,' would give a dispersion at least equal to 
4;hat of the Potsdam and Paris spectroscopes. 

As with the four prisms the collimator and camera are nearly 
parallel, the entire spectroscope would be contained in a long 
narrow tube, of small dimensions, which would be free from all 
flexure if suspended at its middle point. In the present state of 
the subject such a spectroscope would seem to me to offer great 
advantages. 

This discussion shows that the measurement of the radial 
velocity of the stars by the photographic method is still susceptible 
of marked improvement. If complete insensibility to tempera- 
ture variations can be realized, and if, moreover, it becomes pos- 
sible to make sensitive photographic plates of sufficiently fine 
grain to permit a magnification of the image as great as in visual 
observations, the limit of precision imposed by the optical con- 
stants of the spectroscope employed will be nearly attained. 

* This Journal, August 1898, p. 65. 

• In determining the focal length of the collimator it is necessary to take account 
of the aperture and focal length of the astronomical objective, in such a way as to 
avoid having too large prisms. 
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A NEW SATELLITE OF SATURN. 

A NEW satellite of the planet Saturn has been discovered by Profes- 
sor William H. Pickering at the Harvard College Observatory. This 
satellite is three and a half times as distant from Saturn as Iapetus> 
the outermost satellite hitherto known. The period is about seventeen 
months, and the magnitude fifteen and a half. The satellite appears 
upon four plates taken at the Arequipa Station with the Bruce Pho- 
tographic Telescope. The last discovery among the satellites of 
Saturn was made half a century ago, in September 1848, by Professor 
George P. Bond, at that time director of the Harvard College Observa- 
tory. Edward C. Pickering. 

Harvard College Observatory. 
March 17, 1899. 



NEW NEBULAE AND NEBULOUS STARS.' 

Much care and skill are required to obtain the best results with the 
Bruce photographic telescope. Dr. De Lisle Stewart, who has had 
charge of this instrument for the last year, has succeeded in obtaining 
nearly circular images even when the exposures extended over several 
hours. He has recently found an interesting group of nebulae, hitherto 
unknown, within the limits of right ascension, 3** 10° to 3** 50™ (1900), 
and declination, — 49° 50' to — 53° 40' (1900). A comparison of 
two plates, A 3339, and A 3346, taken on October 14, and October 20, 
1898, respectively, with exposures of four hours each, shows the pres- 
ence of the objects given in the following table. The current number 
assigned to each object is given in the first column, the approximate 
right ascension and declination for 1900, in the second and third, and 
a brief description of the object in the fourth column. The letters n, 
s, p, and f, in the fourth column are used to indicate north, south, pre- 
ceding, and following, respectively. 

' Harvard College Observatory Circular No. 38. 
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Only two nebulae are given, in this region, in Dreyer's Nnu Gen- 
eral Catalogue, N. G. C 131 1 is identical with No. 5, and N. G. C. 
1356 is identical with No. 27. 

It will be noticed that fotir of these nebulae appear to be spiral. 
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No. 3 is described as "bright elongated center, faint nebulous wisps 
in ellipses or spiral." No. i8 " stellar nucleus with elliptical nebulosity 
sp." No. 27 "Faint nebulous star surrounded by nebulosity. One 
wisp has spiral tendency. Two nebulous stars sp and sf, very close to 
main nebulosity." No. 31, "Very fine small spiral nebula with two 
branches." 

A bright meteor trail appears on Plate A 3346. 

Edward C. Pickering. 

January 31, 1899. 



A NEW FORM OF PHOTOGRAPHIC TELESCOPE.' 

A GREAT number of very large telescopes of nearly the same form 
have been given to observatories during the last few years. Although 
such instruments are indispensable, in a limited number of investiga- 
tions, yet when the latter are divided among so many telescopes the 
results obtained by each are often disappointing to the donors. These 
instruments have been erected, with two or three exceptions, in places 
selected from local or political motives, and without regard to mete- 
orological or astronomical conditions. For this reason, the great 
observatories of the world are near large cities or universities where 
the very conditions that have rendered the countries great have rendered 
them unfit for the most delicate astronomical research. Nine tenths of 
these instruments are in the temperate zone in Europe and the United 
States, while the southern hemisphere has been entirely neglected, and 
many of the most interesting parts of the southern sky have not yet 
been examined by a modern telescope of the largest size. 

This duplication of expensive instruments in unsuitable localities 
is rendered still more objectionable by another condition. All the 
telescopes are similar in form, their focal length being from 15 to 18 
times the aperture, and therefore, all are best adapted to the same kind 
of work. In view of these numerous precedents it was a bold step to 
deviate from it. But this step was taken, and taken by a woman. Miss 
Catherine W. Bruce, of New York, who gave $50,000 to the Harvard 
College Observatory to construct a telescope of 24 inches aperture, in 
which the focal length should be only six times the aperture. Fortu- 
nately, this experiment succeeded, and the Bruce Photographic Tele- 
scope is mounted in Arequipa, Peru, in a climate unsurpassed, so far 

^Harvard College Observatory Circular No. 39. 
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as is now known, for astronomical work. Its immediate results are 
charts, each covering a large part of the sky and showing such faint 
stars that 400,000 appear upon a single plate. By its aid, many new 
stars of the peculiar fifth type have been found in the Large Magellanic 
Cloud, showing an additional connection of this object with the Milky 
Way. A group of forty nebulae, hitherto unknown, has been found 
in another part of the sky. The most important work of the Bruce 
telescope, however, is that every year it sends hundreds of photographs to 
the great storehouse at Cambridge. Besides the immediate discoveries 
made from these plates, they doubtless carry with them many secrets as 
yet unrevealed, and many images of objects of the greatest interest yet 
to be discovered. A striking example of this kind is found in the 
recent discovery of the planet Eros, which, next to the Moon, is some- 
times our nearest neighbor in the heavens. Calculation showed that 
this planet must have been near the Earth, and therefore bright, in 
1894. An examination showed that this object, although not discov- 
ered until 1898, had not escaped the Harvard telescopes. Two images 
of it were found upon the Bruce plates, fifteen upon the Draper plates, 
and three upon the Bache plates. It can thus be followed through 
nearly half a revolution. Six images were also obtained in 1896, when 
it was more distant and much fainter. 

These examples show the advantages of trying new forms of tele- 
scopes instead of duplicating those now existing. The Bruce telescope 
is well adapted to investigations in which the focal length is small. It 
will therefore be interesting to try the effect of a great focal length. 
It is proposed to build a telescope with an aperture of 12 to 14 inches, 
and a focal length of 135 or 162 feet. This telescope would probably 
be placed horizontally and the star reflected into it by means of a 
mirror ; the motion of the Earth would be counteracted by moving the 
photographic plate by clockwork. It would thus become a large 
horizontal photoheliograph. This method of mounting a telescope 
for use on the stars was advocated by the writer in 1881, and has been 
used here since then with successive telescopes of 2, 4, and 12 inches 
aperture. The instrument here proposed would be adapted to investi- 
gations for which a great focal length would be needed, as the latter 
would be more than a hundred times the aperture. Several such 
investigations may be suggested, any one of which, if successful, would 
amply justify the construction of such an instrument. 

I . The Sun. — The best instrument now in use for photographing the 
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Sun, the horizontal photoheliograph, is a small instrument of this form. 
It is possible that, under favorable atmospheric conditions, finer details 
on the Sun's surface could be obtained with a large instrument than 
have yet been photographed. It would be equally useful in photo- 
graphing the protuberances. Preparations must soon be made for 
observing the Solar Eclipse of May 28, 1900. This instrument might 
be useful in photographing the spectrum of the reversing layer, and in 
showing the details of the inner corona. 

2. The Moon, — The images of the Moon obtained with such a 
telescope would be more than a foot in diameter, and even if printed 
without enlargement would probably surpass the best photographs yet 
taken. The use of a telescope of this form for photographing the 
Moon was advocated by Professor W. H. Pickering in 1894 {Harvard 
Observ, Ann., XXXII, p. no). It is possible that good results could 
also be obtained with Jupiter, Saturn, and perhaps Mars. 

3. £ros. — This planet approaches the Earth so closely that its 
parallax sometimes amounts to a minute of arc. The next approach, 
in 1900, will be more favorable than any other until 1927. Careful 
preparations should, therefore, be made for observing Eros when east 
and west of the meridian, since the distance of the Sun can probably 
be determined with more accuracy in this way than by any method of 
observation yet attempted. As the distance of the Sun is the unit to 
to which all astronomical distances are referred, the importance of its 
accurate determination cannot be overstated. It is one of the great 
problems of astronomy which, though supposed in the eighteenth cen- 
tury to have been solved, must probably be left to the twentieth cen- 
tury for satisfactory solution. To determine the parallax from the 
Transit of Venus in 1874, the principal nations of the world sent 
expeditions to the most remote regions. In all, about eighty stations 
were occupied at an expense of more than a million of dollars. 

4. The fixed stars. — It is expected that the positions of adjacent 
stars could be determined with this instrument with an accuracy 
approaching that of the heliometer. If so, it would have an important 
and permanent field of work in charting the coarser clusters, the double 
stars, and determining stellar parallax. Also in locating the major 
planets, and the relative positions of the satellites of Jupiter and Saturn 
with an accuracy as yet unattained. 

The very moderate expenditure of $5000 to $10,000 would permit 
this experiment to be tried here, since we already have a portion of the 
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apparatus required. If successful, the name of the donor would 

always be honorably associated with a new departure in one of the 
most important branches of astronomy. 

Edward C. Pickering. 

February ii, 1899. 



PHOTOGRAPHING METEORS.' 

Various plans have been considered by which all the meteors visi- 
ble in a large part of the sky at Cambridge can be photographed. 
Such a plan does not seem impracticable or premature, in view of the 
large number of meteors photographed during the shower of last 
November. The simplest device consists in pointing a camera, having 
a wide angle lens, to the zenith. Two meteor trails were obtained in 
this way November 14, 1898. A Morrison wide angle lens of 8 inches 
focal length was used, and an 8 X 10 plate. Since then, plates have 
been exposed on several clear nights, and on the second night, January 
7, 1899, a meteor was photographed. About one-third of all the meteors 
having long paths, and visible at a single station, pass within 30° of 
the zenith, and all of these, if bright, could thus be photographed. 
Our knowledge of very bright meteors is extremely limited. They are 
so few in number that we cannot determine their radiant points in the 
usual way, and unless they happen to be observed carefully from more 
than one station, little information is obtained regarding them. The 
radiant point can be determined by observations of a single meteor from 
two stations, as well as from the intersection of two meteor trails as 
seen from one station. Two such cameras have been constructed and 
will be in operation shortly at Blue Hill and at Cambridge. They are 
provided with caps actuated by alarm clocks, so that the exposure is 
stopped automatically shortly before dawn. The operator need only 
expose a plate in the evening, after dark, and remove and develop it 
at his convenience the next day. If, now, two photographs are obtained 
of the same meteor, much information will be furnished regarding it. 
Bright meteor trails often show points of increased brightness due to 
small explosions. Superposing the two photographs, the height of the 
meteor at the instant of explosion is given by a simple proportion. As 
the distance of the meteor on the two photographs is to the focal 
length of the lenses, so is the distance apart of the two stations, to the 

* Harvard College Observatory Circular No. 40. 
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required altitude. A similar computation may be made from the dis- 
tance apart and azimuths of the trails themselves, if no distinctive 
points appear on them. The positions of the trails in space can be 
determined if the plates are leveled, or from the trails of the stars 
which also appear on the plates. The intersection of the two trails 
gives the declination of the radiant point of the meteor, but its right 
ascension is indeterminate unless the time at which the meteor appeared 
is noted. This difficulty might be remedied by mounting the camera 
equatorially and it is possible that this plan may be adopted later. 

The spectra of bright meteors could be obtained by placing a prism 
in front of the lens of the camera. In this case the value of the result 
would be greatly increased by giving a motion to the photographic 
plate. For instance, if a vibratory motion is given to the latter, like 
that of a pendulum, the image of the meteor as it traversed the plate 
would have a relative motion which would be continually varying. At 
one point it might become small, so that we should be virtually follow- 
ing the meteor by clockwork, as in the case of a star, and at this instant 
its spectrum would be photographed even if not very bright. If the 
period of vibration is a second, or less, two or more images of each 
meteor would appear at intervals equal to the time of vibration. This 
would give the angular motion of the meteor, and, if its distance is 
known, its absolute velocity. 

By the expenditure of three plates a night it seems possible to 
determine the altitude, radiant point, velocity, and spectrum of one- 
third of all the bright meteors visible in a given locality. It is prob- 
able that several meteors bright enough to be photographed in this way 

appear every month. 

Edward C. Pickering. 

February 20, 1899. 



THE VARIABLE STARS U VULPECULAE AND ST CYGNI.^ 

The variability of the stars -f- 20° 4200 and +28'^ 3460 has been 
announced, and the designations U Vulpeculae and ST Cygni assigned 
to them by Professor Miiller and Dr. Kempf of the Potsdam Observa- 
tory {Astron, Nach. 146, 37). Measures of these stars have accordingly 
been made by Professor O. C. Wendell, with the photometer with 
achromatic prisms attached to the 15-inch equatorial of this Observa- 

* Harvard College Observatory Circular No. 41. 
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tory. The star + ao" 4200 was compared with the star + 20° 4204i 
which is about 12.6' distant. The results of these measures are shown 
by the heavy dots in Fig. i, ordinates representing magnitudes, and 
abscissas, phases, or intervals in days since the last computed maxi- 
mum. The measures made at Potsdam are represented by the light 
dots connected by lines, and the dotted line shows the light curve 
given in the article mentioned above. The results for + 28° 3460, 
which was compared with -(-28° 3467, distant 15.0', are similarly shown 
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in Fig. 2. It will be seen that a smooth curve can be drawn, which 
would not differ on the average by more than one or two hundredths 
of a magnitude from the points observed here. The greater accord- 
ance of the Harvard measures as compared with those made at Pots- 
dam, is partly due to the greater number of settings made each night, 
and partly to the smaller angular distance between the stars compared. 
At Cambridge, adjacent stars are compared directly, while at Postdam, 
each star is compared with the standard stars by means of an artificial 
star. In drawing the light curve of -|- 20" 4200, too great weight 
seems to have been given to the Potsdam observation for which the 
phase is 7.7^ magnitude 7.22. Rejecting this, the other Potsdam 
observations agree closely with those made at Cambridge. To reduce 
the results to the same scale, the Cambridge magnitudes have been 
changed by + 0.16 and -j- 0.32, and the phases by+o.8'' and — o.a'^, 
in Figs. I and 2 respectively. This indicates that the period of -|- ao" 
4200 is 7.98'^, instead of 8.00". 
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The accuracy attainable with the photometer described above is 
illustrated by the following observations of the variable star, S Antliae. 
This star has a period of 7" 46.8"', which is the shortest known, except 
in the case of variables in clusters. In Circulars Nos. 23 and 35, it 
was shown that the period of U Pegasi, which was at one time sup- 
posed to be shorter than that of any other variable, should really be 
doubled^ The alternate minima were bright and faint, the difference 
in magnitude amounted to 0.15 and was determined with a probable 
error but little exceeding one hundredth of a magnitude. It there- 
fore appeared important to see if S Antliae belonged to the same class 




of variables, and if its period should be doubled. A series of measure- 
ments was accordingly made by Professor Wendell on different nights 
near the times of minima, care being taken that some of the minima 
should correspond to an odd, and others to an even number of periods 
of variation, -ff. The comparison star was — 28° 7347, distant 21.8.' 
A light curve was then formed from these measures, and residuals 
taken from it. On two nights E was odd, 11229 ^"d ii349i ^nd the 
means of the corresponding residuals were -j-o.oii and 0.000; on 
three nights E was even, 11306, 11340, s 
residuals were + 0,004, — 0.007, ^nd + 0.0 
the difference in magnitude of 5 Antliae wh< 
7347. was — 1.676. Accordingly, the meai 
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at minimum when ^ was odd, was — 1.670, and when ^ was even, 

— 1.674. It seems impossible Ihat thousandths of a magnitude should 

have any real value, but if neglected, the accuracy of these observations 

would not be properly indicated. An error of two or three hundredths 

of a magnitude could not have failed to be detected. The variable star 

S Antliae, therefore, does not have a light curve resembling that of 

)8 Lyrae and U Pegasi, and the period of variation should not be 

doubled. 

Edward C. Pickering. 

February 21, 1899. 



A NEW STAR IN SAGITTARIUS.' 

A NEW Star appeared in the constellation Sagittarius early in the 
year 1898, or possibly in the latter part of the year 1897. It was found 
from the peculiarities of its spectrum, by Mrs. Fleming, during the 
examination of the Draper Memorial photographs. The approximate 
position for 1900, derived from a photographic chart, using the Durch- 
musterung positions of adjacent stars, is R.A. ^ 18** 56.2", Dec. = 
— 13° 18'. It was too faint to be photographed on eighty-seven 
plates, from September 5, 1888, to October 23, 1897, including three 
plates in 1888, one in 1889, three in 1890, eleven in 1891, three in 
1892, twelve in 1893, ten in 1894, twenty-one in 1895, eight in 1896, 
and fifteen in 1897. On the last of these plates, A 2845, taken at 
Arequipa with the Bruce telescope, stars of the fifteenth magnitude are 
shown, but the Nova is invisible. The Nova appears on eight photo- 
graphs taken in March and April 1898. In the description of them 
given below, the designation of the plate is followed by the date 
and the exposure. The letter B indicates that the photograph was 
taken at Arequipa with the 8-inch Bache telescope, and I, that it was 
taken at Cambridge with the 8-inch Draper telescope. Both of these 
instruments are doublets. The magnitudes are estimated by compari- 
son with adjacent stars, and are approximate only, especially since the 
image was near the center of the plate only on B 21 251, B 21258, and 
B 2 13 19. 

I 20428. March 8, 1898. Ex. 13™. Magn. 4.7. Estimated o.t 
fainter than — 16^ 5283, photometric magn. 4.6. 

I 20500. March 14, 1898. Ex. 13". Magn. 5.0. Estimated 0.5 

* Harvard College Observatory Circular No. 42. 
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fainter than — 16® 5283, and 0.4 brighter than — 14^ 5476, photo- 
metric magn. 5.6. 

I 20612. April 3, 1898. Ex. 16". Magn. 8.2. 

B 21251. April 19, 1898. Ex. 60°. Magn. 8.2. An excellent 
photograph of the spectrum 3 mm in length, and showing the lines Hfi^ 
Hy, Hh, Htj Hi, Hrj, and probably Hd, bright. A broad band, wave- 
length 4643, is also bright, and narrow bright lines are seen at about 
4029,4179,4238,4276, 4459, and 4536. These lines appear to be inden- 
tical with the corresponding lines found in the spectrum of Nova Aurigae. 
A well-marked dark line appears at 4060. It will be noticed that in 
this star, as in Nova Persei, Nova Aurigae, Nova Normae, and Nova 
Carinae, the line Ht is bright, while in variable stars of long period this 
line is always dark, being probably obscured by the broad calcium line 
H. This alone may serve to distinguish between a Nova and a vari- 
able. The accompanying dark lines on the edge of shorter wave- 
length of the bright lines in Nova Aurigae, Nova Normae, and Nova 
Carinae are not visible. The line K, also, is not shown. 

I 20738. April 21, 1898. Ex. 9". Magn. 8.6. 

B 21258. April 21, 1898. Ex. 62". Magn. 8.2. The spectrum 
closely resembles that on B 21 251 taken two days earlier, but shows 
certain marked differences. The broad dark line at 4060 has disap- 
peared, and a narrow bright line appears at 5005, doubtless identical 
with the principal nebular line, 5007. The hydrogen lines appear to 
be somewhat narrower and more intense than in the earlier photo- 
graph, although the lines in the adjacent stars are nearly the same in 
both. 

B 21290. April 26, 1898. Ex. lo*". Magn. 8.2. 

B 21319. April 29, 1898. Ex. 10™. Magn. 8.4. 

The region of the Nova is included on two and perhaps three plates 
taken at Arequipa on October 7 and 8, 1898, but not yet received in 
Cambridge. They will later furnish important information regarding 
the rate of diminution of the light. On March 9, 1899, the morning 
after the discovery of the Nova, a faint image of it was obtained through 
passing clouds, which showed that its photographic image was about 
half a magnitude fainter than that of — 13° 5193, magn. 9.5. On the 
morning of March 13, 1899, the Nova was examined visually by Pro- 
fessor O. C. Wendell. He found, first, that its position for 1900 is 
R.A. = i8'' 56"" 12.2% Dec. =-— 13° 18' i6\ Secondly, that it was 
1.52 magn. fainter than — 13"^ 5200, and therefore 11.37 o^ ^^e pho- 
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tometric scale. Thirdly, that its light was nearly monochromatic with 
a faint continuous spectrum. This Nova, therefore, like several that 
have preceded it, appears to have changed into a gaseous nebula. 
This is also indicated by the faint bright line at 5005, which, as stated 
above, appeared in the photograph of its spectrum taken April 21, 1898. 
During the last four centuries fifteen stars have appeared which are 
commonly regarded as Novae. These stars are, in general, near the 
central line of the Milky Way. Their average galactic latitude is 
11.2°, while if uniformly distributed in the sky it would be 30°. The 
region whose galactic latitude is less than 30° has an area equal to one 
half of that of the whole sky. Fourteen of these stars appeared in this 
region, and only one, Nova Coronae, outside of it. Nova Andromedae 
and Nova Centauri had spectra without bright lines, and unlike other 
Novae. Omitting them, the average galactic latitude of the other is 
9.0°. The galactic latitude of Nova Coronae is 46.8°, and this 
seems to be the only known exception to the rule that all Novae having 
bright lines in their spectra have appeared near the central line of the 
Milky Way. Omitting this star, the average galactic latitude of the 
other twelve is 5.8°. The only Novae known to have bright lines in 
their spectra are those which appeared in Corona, Cygnus, Perseus, 
Auriga, Norma, Carina, and Sagittarius. Omitting the first of these, 
the mean galactic latitude is 4.6°. The probability that such a distri- 
bution is due to accident is extremely small. 

Edward C. Pickering. 

March 14, 1899. 
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PARALLAX OF THE ANDROMEDA NEBULA. 

Attention has recently been directed to the great nebula in 
Andromeda by reason of the announcement that a new star had 
appeared within it, at or near the position of the new star of 1885. Pro- 
fessor Barnard's observations of the nebula with the 40-inch refractor 
of this Observatory, which have been confirmed with the Lick tele- 
scope, as well as by photographs taken at the Harvard Observatory, 
show that the central parts of the nebula appear as usual, and that 
the nucleus must have been mistaken for a new star. At about the 
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time of the announcement Professor Barnard was engaged in an 
attempt to determine the parallax of the nebula from micrometric 
measurements with the 40-inch telescope of the position of the nucleus 
with reference to two comparison stars. On account of the excep- 
tional brightness of the Andromeda nebula, and its great angular 
dimensions, any attempt to determine its distance is likely to be of 
general interest. Professor Barnard's preliminary results are accord- 
ingly given at the present time. 

The mean results of the corrected measures of position angles and 
distances of the two small stars from the nucleus are as follows : 

COMPARISONS WITH THE FIRST STAR. 

In July and August, 1898 - - - 261.23' 124.70' 

In November and December, 1 898 - - 261.34 124.89 

COMPARISONS WITH THE SECOND STAR. 

In July and August, 1898 - - - 160.51'' 228.42' 

In November and December, 1 898 - - 160.51 228.28 

The differences between the first and last sets in each case are no 
greater than would be expected in the measurement of such an object, 
and are contrary in sign to what would be required if the nebula were 
nearer than the stars. 

If it can be assumed that the comparison stars are in reality far 
beyond the nebula in space, the results would indicate that the distance 
of the nebula from the Earth is much greater than that of the nearest 
fixed star. As the stars are apparently in the nebula, and may in 
reality lie within its boundaries, such an assumption is, perhaps, hardly 
justifiable. The same objection, however, is applicable to any star in 
this region accessible to a large telescope. Thie great focal length of 
the 40- inch refractor, which so materially increases the precision of 
measures made with it, necessarily limits the choice of comparison 
stars to those lying within the immediate neighborhood of the nucleus. 

THE SPECTRUM OF SATURN'S RINGS. 

The strong absorption band in the red region of the spectrum of 
Saturn, the wave-length of which is given by Vogel as 6183, was seen 
by this observer to be absent, or extremely faint, in the spectrum of 
the rings. In 1889 Professor Keeler could detect no trace of the 
band in the spectrum of the rings with the Lick telescope {A.N,^ 2927). 
An opportunity to test this point photographically presented itself last 
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August, through the courtesy of the International Color-Photo Co., 
of Chicago. The " Erythro " plates made by this company for the 
Yerkes Observatory are so sensitive in the red that photographs of the 
spectra of fifth magnitude stars extending down to Ha have been 
secured with their aid. An " Erythro" plate was used by Mr. Ellerman 
in making the accompanying photograph of the spectrum of Saturn 
with the 40-Inch telescope on August 18, 1898. At that time the 
planet was so far south and west in the early evening that a long 




exposure could not be given. For this reason it was necessary to use 
the dispersion of only one 60" prism of dense flint, on the spectro- 
graph of I ^ inches aperture. The collimator objective has a focal 
length of 19 inches, and the camera lens employed on this occasion a 
focal length of 10^ inches. The stit, which was parallel to the plan- 
et's equator, was made rather wide (0,008 inch) in order to reduce the 
time of exposure. This accounts for the lack of sharpness in the 
photograph, which is enlarged seven and one-half diameters from 
the original negative. 

Although the broad absorption band is clearly shown in the spec- 
trum of the ball, no trace of it can be seen in the spectrum of the 
rings. The conclusion drawn from the visual observations, that the 
rings probably possess little or no atmosphere, is thus confirmed by 
the photograph. 

The negative does not seem to show any of the bright lines men- 
tioned by Lockyer (A.N., z88i). 

A photograph of the same region in the spectrum of Jupiter has 
recently been obtained here by Mr. Ellerman with the three-prism 
spectrograph. The absorption band is well shown, but its intensity 
is less than in the spectrum of the ball of Saturn. It is hoped that 
this photograph, as well as others of Saturn which will be made here 
with a dispersion of three prisms, will permit the wavelength of lines 
in the band to be accurately measured. George E. Hale. 

March iS, 1899. 
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Verification of the Ketteler-Helmholtz Dispersion Formulce by Optical 

Constants of Solid Dyes. A. PflOger, Wied. Ann., 6$^ iji- 

2i3» 1898. 
Verification of Cauchy's Formula for Metallic Reflection by Optical 

CoTtstants of Solid Cya?iifi. A. PflOger, Wied. Ann., 65, 

214-225, 1898. 

The Anomalous Dispersion of Cyanin. R. W. Wood, PhiL Mag., 
281, 380-385, 1898. 

In the first paper Pfliiger gives methods of experimentally deter- 
mining the coefficient of absorption k, and the refractive index //, of 
solid fuchsin and cyanin inside regions of strong absorption, and shows 
that these values of k and n satisfy the Ketteler-Helmholtz dispersion 
iormulae 
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The coefficient k is obtained by measuring with a Konig's spectral 
photometer the absorption by thin films of the dyes deposited fiom 
alcoholic solutions on glass plates. For strongly absorbing regions, 
films of from 142 ft/i. to 238 ft/i. thickness were used, and the thickness 
determined by comparing the interference line spectrum from one film 
^ith the displaced spectrum from a second. 

Values of // within absorption bands were computed from measure- 
ments of the linear separation of the two images of photographed iron 
lines, produced by a solid double prism of small angle (80" to 120') 
obtained by evaporating alcoholic solutions between a glass tube of 
small curvature and a glass plate. 

Since direct substitution in the formulae is not possible, Pfliiger has 
recourse to the method used by Ketteler in his work on alcoholic solu- 
tions of cyanin. 

187 
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The dispersion formulae are written 

Y = — = V ^^ = F(X'\ 
A' Z^{\'-Xl.)'+g-X' -^^ ' 

Y = — - is plotted with Y and A* as coordinates. This is broken 

up into seven symmetric component curves, each corresponding to a 
term in the summation ; from these subsidiary curves the constants 
Ai, Dy g are deduced, the two curves 

X= ^ Z»(A'-X1.) 






(X'-xy + ^'A' 



m = X 



are plotted with X and A» as coordinate, and compared. The agree- 
ment is found to be well within experimental error except in the red, 
where theory demands larger values of k or smaller values of n. 

In his second paper Pfliiger compares values of n and k obtained 
by the direct method above with those deduced from 

nl — k\ = tan* h 
kl = sin» A • tan* ^ • I i — tan' (- — <»*) 

by measuring /i, the angle of incidence, and a^, the emergent azimuth 
of light initially plane polarized at azimuth of 45° and twice reflected 
from two parallel plates of the solid dye. 

For solid cyanin the agreement is so good, especially in the green, 
that he concludes the verification of the above equations, and hende, 
indirectly, Cauchy's formulae for metallic reflection, from which they 
are derived. 

In a supplement to the first paper, he points out that in the red 
the values of n agree, while those for >t, determined by this indirect 
method, are larger than those given by the direct, as the theory required ; 
using these corrected values he finds the Ketteler-Helmholtz formulae 
verified throughout the visible spectrum. 

In the paper by Wood, cited above, is given a method of preparing 
solid prisms of the dyes, of fairly large angles (10' to 15') and approx- 
imately perfect optical surface. Wood fused the dye and pressed it out 
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'into a thin wedge between two pieces of plate glass, afterward knock- 
ing off one of the glass faces. He produced solid cyanin prisms of 
from 10' to 15' angle, and obtained a very perfect dispersion curve 
outside the absorption band. Inside this his prisms were too thick to 
transmit sufficient light. 

On the red side of the band his curve agrees very well with Pfliiger's, 
while on the blue side it runs lower, possibly due to change in the 
optical properties of cyanin by fusion. 

G. O. James. 
Johns Hopkins University. 
February 3, 1899. 



ERRATA. 



In Mr. Wright's article in this Journal, Vol. IX, p. 65, line 9, for 

*w = -f3.i2 ±0.65 it 1.95 (radians), 
read 

* « = -+- 0.0545 rfc 0.01 13 d= 0.0340 (radians). 
Index page of the same number (February), for the Orbit of i* Aquilae, 
read the Orbit of 17 Aquilae. 



NOTICE. 

The scope of the Astrophysical Journal includes all investigations of 
radiant energy, whether conducted in the observatory or in the laboratory. 
The subjects to which special attention will be given are photographic and 
visual observations of the heavenly bodies (other than those pertaining to 
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PLATE III. 




NOVA SAGITTARII. 
li zi3ig. April 2q, 1898. Hx. 10' 




SPECTRA OF NOVA SAGITTARII. 

Pholographed at the Harvard College Obseivatory, Arequipa, Feni. 
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ON A GRAPHIC METHOD OF COMPARING THE 
RELATIVE EFFICIENCIES OF DIFFERENT 
SPECTROSCOPES. 

By H. C. Lord. 

Anyone who has occasion to use a spectroscope of compara- 
tively small resolving power, in order to obtain photographic 
spectra, at once finds that, with rapid coarse-grained plates, it is 
absolutely impossible to photograph nearly as many lines in the 
solar spectrum as can be observed visually, and that with fine- 
grained lantern slide plates much better results can be obtained. 
The difficulty is evidently due to the coarse granular structure 
of the rapid plate. Thus far the makers of photographic plates 
have been unable to secure sensitiveness and at the same time fine- 
ness of grain. It would seem proper therefore that in the con- 
struction of a spectroscope which is to be used photographically, 
the design of its optical parts should be carried out with special 
reference to the character of the plates to be used. A moment's 
consideration shows that, since the linear dimensions of the dif- 
fraction pattern of the image of a straight line formed by an 

objective vary directly with its focal length, while the size of 
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the grain of the plate remains constant, the ratio of these two 
may be made anything desired simply by changing the focal 
length of the camera, and thus what might be called the effect- 
ive size of the grain be reduced almost without limit. In order 
to maintain the brightness of the spectra it will only be necessary 
to reduce the dispersion of the prism train employed. This, of 
course, reduces the resolving power of the instrument, but as 
already the optical resolution is far in excess of that of the plates 
this would seem at first sight to be of no disadvantage. 

In order to investigate more thoroughly than I had yet done 
these several conditions, to explain moreover my inability to 
photograph the faint iron lines of the first type stars with the 
spectrograph of the Emerson McMillin Observatory, and to see 
if it were not possible by simple changes in its optical design so 
to modify the instrument that these lines could be photographed 
and yet the brightness of the spectra be unimpaired, I offered a 
course of lectures to the students of the Ohio State University on 
the theory of the spectroscope and its design. Though much 
has been recently written on the subject, notably by Professor 
Wadsworth * to whose able papers I was indebted for most of the 
material of the lectures above referred to, it has seemed to me 
that previous investigators have confined their attention to bright 
line spectra and I was unable to find a single instance where the 
case, most frequently met with in nature, of dark absorption lines 
on a background of continuous spectra was made the basis of the 
discussion. This may perhaps have been due to the limited library 
facilities at my command, but I developed a graphical method 
of treating this problem, which, though not strictly rigorous, is 
very general in its application, and not only furnishes an accurate 
and reliable guide for the comparison of the efficiencies of differ- 
ent instruments but shows at a glance the results of varying any 
one of the several elements which enter into their optical design. 

' Wadsworth, "The Modern Spectroscope," XVIII, this JournaLj May 1896. 
" On the Conditions of Maximum Efficiency in Astrophotographic Work," this Journal, 
August 1897. "On the Resolving Power of Telescopes and Spectroscopes for Lines 
of Finite Width," Memorie delta Societa degli Spettroscopisti Italiani, Vol. XXVI, 1897. 
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This method has been so useful to me that I thought it might be 
of interest to others, and venture to offer it to the readers of the 

ASTROPHYSICAL JOURNAL. 

In his article, "Wave Theory," in^the Encyclopedia Britan- 
nicat Lord Rayleigh gives expressions for the intensity at any 
point f of the diffraction pattern of an infinitely narrow line 
formed by an objective of either a rectangular or circular aper- 
ture. These expressions are equivalent to the following : 

(0 ^i^=C ^^ and (2) Ic= CC-3 X, (2 £), 

where Ij^ and /^ are the intensities for rectangular and circular 
aperture, respectively, and 

2R, f and X beings the width of the rectangular or the diameter 
of the circular aperture, the focal length of the objective and 
wave-length of light respectively. The constant C contains both 
R and/; but as I will express intensities in terms of the intensity 
at the point f=f =o, leaving to geometrical optics the determi- 
nation of the absolute intensities, these factors may be neglected. 
The function K^ (Z) is given by Lord Rayleigh in two forms, 
namely : 

-^.(^) = -1 -. r-^ + ^-^-1 , , , , + etc. \ and 

K,{Z)=^ Z+Z-«-3Z-3+I3.3^5Z-5-I^3^5^7 Z-^+etc. I 
IJZ ,7 I , j (i'- 4)(3'-4) [ 

l^.in (7 '^\ i '^-"^ (i'-4)(3'-4)(5'-4) ) 
-^ — sm(Z--,r) j-^-g^ x.2.3(8Z)3 \ 

From these formulae I have computed the values of Ij^ and 
/c for values of ? and from o to 13.50 for every 0.25. These 
values are given in Table L 
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TABLE I. 



i 


fR 


^C 


i 


fR 


^C 


0.00 


1. 0000 


1. 0000 


4.75 


0.0443 


0.0442 


0.25 


0.9793 


0.9834 


5.00 


0.0368 


0.0420 


0.50 


0.9194 


0.9365 


5.25 


0.0268 


0.0375 


0.75 


0.8260 


0.8594 


5.50 


0.0165 


0.0314 


1. 00 


0.7081 


0.7620 


5.75 


0.0078 


0.0249 


1.25 


0.5764 


0.6508 


6.00 


0.0022 


O.OI9I 


1.50 


0.4422 


0.5334 


6.25 


0.0000 


0.0147 


1.75 


0.3162 


0.4199 


6.50 


0.00 1 1 


0.0120 


2.00 


0.2067 


0.3I5I 


6.75 


0.0044 


O.OIIO 


2.25 


O.I 196 


0.2247 


7.00 


0.0088 


O.OII4 


2.50 


0.0573 


0.1522 


7.25 


0.0129 


0.0125 


2.75 


0.0193 


0.0985 


7.50 


0.0156 


0.0139 


3.00 


0.0022 


0.0621 


7.75 


0.0165 


0.0148 


3.25 


0.00 1 1 


0.0420 


8.00 


0.0153 


0.0150 


350 


O.OIOO 


0.0333 


8.25 


0.0125 


0.0145 


3-75 


0.0232 


0.0325 


8.50 


0.0088 


0.0132 


4.00 


0.0358 


0.0360 


8.75 


0.0051 


O.OII4 


4.25 


0.0443 


0.0403 


9.00 


0.0021 


0.0094 


4.50 


0.0472 


0.0440 


9-25 


0.0004 


0.0077 



< 


Jr 


u 


9.50 


0.000 1 


0.0064 


9.75 


0.00 1 1 


0.0057 


10.00 


0.0030 


0.0056 


10.25 


0.0050 


0.0061 


10.50 


0.0070 


0.0064 


10.75 


0.0081 


0.0069 


11.00 


0.0083 


0.0072 


11.25 


0.0074 


0.0074 


11.50 


0.0058 


0.0072 


11.75 


0.0038 


0.0065 


12.00 


0.0020 


0.0057 


12.25 


0.0006 


0.0048 


12.50 


0.0000 


0.0041 


12.75 


0.0002 


0.0036 


13.00 


0.00 10 


0.0032 


13-25 


0.0023 


0.0034 


13-50 


0.0035 


0.0036 



From this table the curves given in Fig. I and Fig. 2 were 
drawn. From these two curves it is possible to construct graph- 
ically the form of the diffraction pattern of the image of a slit 
either bright on a dark background, or dark on a bright back- 
ground, either seen directly or through a prism ; provided only 
the slit is long in comparison with its width, which is the case of 
all solar spectroscopes. The case where the slit is replaced by 
the diffraction image of a star, as occurs in all stellar spectroscopes 
except the objective prism, I have not yet succeeded in reduc- 
ing to formulae which are practically applicable. In what 
follows I shall confine myself entirely to the case of circular 
aperture. The case of rectangular aperture is exactly the 
same, it only being necessary to start with curve ( i ) in place 
of curve (2). 

Case /. — A bright slit of angular width o- on a dark back- 
ground. This case has been treated analytically by Wadsworth * 
and we have 



* See previous footnote, also other papers by Wadsworth. 
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\=c'J ^ ir'K,{2t)di, (3) 



<-i<- 



where £0 = — r — • 

This integral cannot be obtained directly. Wadsworth evalu- 
ated by mechanical quadrature. This can be done much more 
easily and rapidly by means of the planimeter as follows : the 
ordinate of the curve (3) at any point ? is evidently proportional 
to that portion of the curve (2) included between the ordinates 
whose abscissae are ?— yf^ and ?+y?o; hence in order to plot 
the curve (3) it is only necessary to measure with a planimeter 
the area above specified and draw an ordinate at the point ? pro- 
portional to this area. In practice it is convenient to take as 
unity the area between the ordinates at o— ^f^ and o-f ^?^ as 
this gives the intensities in terms of the intensity at the origin. 
In the absence of the planimeter, if the several curves be drawn 
on cross-section paper the areas can be obtained by counting the 
number of squares included between any two ordinates. For 
example, a slit whose width is 0.004 nim at the focus of a colli- 
mator of a focal length /= 380 mm and aperture =25.3 mm is 
illuminated by monochromatic light, X=4340. To find the form 
of the diffraction pattern formed by an objective of 25.3mm aper- 

^ 2ir X 12.65 X 0.004 ^ , T^u u- 

ture. Here£,== — — =2 nearly. The resulting 

0.000434 X 380 I -^ ^ 

curve is given in Fig. 3. Fig. 4 gives a similar curve where the 
aperture is reduced one half. In plotting these curves it should 
be noted that since f contains the factor R, the scale of f is 
taken twice as great in Fig. 4 as in Fig. 3. 

Case 2, — A dark line of angular width o- on a bright back- 
ground. This case has been analytically investigated by Michel- 
son^ for rectangular aperture. It differs from the preceding 
case obviously only in the limits which are to be assigned to the 
integral. Hence we have 

'MiCHELSON, " On the Limit of Visibility of Fine Lines in a Telescope," this 
Journal, June 1895. 
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which reduces to 



(4) 



/. = c'f i-^ AT. (2{) dn - cf ' ^' ^. (20 </{. (s) 



<-;{. 



The first integral of expression (4) is the total area of the 
curve (2), but this may be taken without appreciable error as 
being equal to the total area of the curve only as far as given in 
the table which accompanies this article. In the case of a rec- 
tangular aperture the first integral reduces to Ctt, and it will be 
found that if the area of a square block whose height is unity 
and whose base is tt be measured with the planimeter, the area 
thus formed will differ from the total area of curve (2) as given 
above by less than the error of measurement. The second inte- 
grals can be evaluated exactly as in the preceding case, except 
that the total area of the curve is to be taken as unity. Curves 
(5) and (6) were drawn from the data given in the above 
example, the slit being replaced by a wire of the same diameter 
on a bright background of light, X=4340. An inspection of 
these two curves shows that a decrease of aperture causes not 
only a decrease in resolving power but a decrease in contrasting 
power as well. This point was brought out by Michelson in the 
paper above quoted. 

To test these conclusions experimentally I covered the lens 
of a camera with a very narrow rectangular cap and photo- 
graphed a drawing made of very fine horizontal and vertical 
lines, and found it was perfectly possible to cause either the 
vertical or horizontal lines to disappear from the resulting pho- 
tograph, while the lines at right angles to them remained as 
sharp and distinct as when photographed with the full aperture 
of the lens. 

In the discussion of the two cases given above I have in a 
large measure repeated the work of Wadsworth and Michelson, 
but have done so for the sake of completeness and to illustrate 
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the use of the planimeter and the graphic method of solving 
these problems. The case next to be considered has, so far as I 
am aware, never heretofore been discussed, and I shall treat 
it, therefore, somewhat more in detail than I have the preceding 
ones. 

Case 3, — A slit of angular width o-, illuminated by light of 
all wave-lengths except those between X, and X, (X^ — X, = A X 
being a small fraction of X) is viewed through a telescope in front 
of which is placed a battery of one or more prisms or a grating. 

This is approximately the case of the Fraunhofer lines. 

They are represented more closely by two laws* proposed by 

Maxwell and Michelson for the distribution of light in a normal 

source. One,/ (<^) ^i^^—*^', contains a constant AT, which varies 

with the nature and condition of the body emitting the light, 

sin' T IL 
the other, /(<^) ^ e — y^ — » contains a similar factor r. Thus far 

I have been unable to discuss this problem when these expres- 
sions are introduced. Moreover, since the laws are not yet 
definitely known, and since very few experimental data are 
available for the determination of the constants, which vary not 
only with different substances but with the same substance under 
different conditions, it seems to the writer not only justifiable 
but even better to base the comparison of the efficiencies of two 
spectroscopes upon conditions which, though somewhat arbitrary, 
are perfectly definite, except in cases where an instrument is to 
be used for investigations of a particular substance under certain 
specified conditions, and even in that case the laws given above 
are unfortunately not too well established. 

It has been already shown that the distribution of intensity 
in the diffraction image of a slit of angular width o- is given by 
the equation 

* Rayleigh, PAt/. Mag., April 1889, p. 298; also Michelson, FAtV. Mag,, Sep- 
tember 1892, and this Journal, November 1895, P* 251. 
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and that this curve can be readily drawn from curve (2) with 
the aid of a planimeter. Light of each and every wave-length, 
except those already noted as omitted, gives rise.to such a curve. 
These curves would all be superimposed were it not for the dis- 
persive power of the prism; whose action is to shift each one of 
"these curves along the axis of ?. 

Let us take as the origin of coordinates a point in the focal 
j)lane which would be occupied by the center of the geometrical 
:image of the slit when illuminated by monochromatic light of 
^^ave-length Xo= H^i + ^a)- ^^^ wave-length of light corre- 
sponding to any other point ? would be given by the equation 
(5) X =r Xo + w f, where w is a constant depending upon i?,/, and 
^he dispersive power of the prism train employed, and whose 
^alue can be predetermined from the known constants of the 
^lass out of which the optical parts of the spectroscope are to 
le made. This equation only holds for a small distance from 
the origin of coordinates, a distance large, however, in compari- 
son with the dimensions of the diffraction pattern. Let /x,, be 
the intensity at any point f of the resulting image ; then evi- 
dently 

/A = 00 /% A -= Ai 

/. //( + C I /. </{. 

A = A2 •/ A-^o 

This is equivalent to 



A — 00 /^ A = A, 



/I A ^= 00 /"% A = Ao 

A = A4 J \^o 



/A '-=■ Ka /^ A = Aj 

I,d^-C\ /,dt. (6) 

A^Aj *^ A=A, 

An inspection of curve (3) shows that the limits X3 and X^ 
may be so chosen that light of wave-lengths greater than X^ and 
less than X3 will produce little or no effect at a distance from 
the origin large in respect to the size of the diffraction pattern, 
and yet at the same time X^— X3 will be small in comparison to X. 
In other words, the first two integrals may be considered equal 
to zero over an extent of the focal plane more than sufficient to 
include the entire effective part of the diffraction pattern of the 
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dark Frauohofer line. Expressing the limits of (6) in terms of 
f through equation (5) we have 






m/ ^ — A4 ^ I ^ 



. I AA , ' , 



-c'"/' '"^/' ' r3^.(2(;)/«. (7) 

J X AA J t '^ t 

Since f contains the factor - the limits of the first integrals are 

themselves variables and hence these expressions could not be 
evaluated graphically were it not for the fact that X^— X, is always 
small in comparison with X; X^ — X3 never exceeds i/i/i. That 
being the case it is evident that no sensible error will be intro- 
duced if they are considered constant during the entire second 
integration, and may be represented graphically by the curve 
(3) drawn for X=Xo=^ (X, -[- X,) . The first of the double inte- 
grals expresses the total area of this curve, which may be con- 
sidered as extending only a finite distance from the origin, and 
as before, its value determined with the planimeter. The second 
expresses the area of this curve between two ordinates at the 

points { and {H , and can be found as in the pre- 

^ 2 m 2 m * 

ceding cases. Thus, using curve (2) to derive curve (3), and 
this latter for curve (7), the problem is completely solved. In 
order to illustrate this case I will take the case of a line at 
X=4340 and AX = o.o86 Angstrom units, and draw the form of 
the diffraction image as seen in each of three spectroscopes 
using a slit-width of 0.0 12 mm, slightly less than would ordina- 
rily be used in practice. The first is the Mills spectrograph of 
the Lick Observatory, as used by Professor Campbell for the 
determination of motions in the line of sight. The second is 
the two-prism spectrograph of this Observatory, and the third is 
the same instrument when using only one prism and a camera of 
double focal length. The data are given below. 
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I 


II 


III 


mm 


mm 


mm 


722.4 


380. 


380. 


405.5 


380. 


760. 


37.4 


25.3 


25.3 


3. 


2. 


I. 


0.012 


0.012 


0.012 


12.4 


20.9 


20.9 


4.5 


6. 


6. 


0.0186 


0.043 


0.086 


4.6 


2.0 


I.O 



Focal length collimator 

Tocal length camera - - - 

Efifective aperture 

INumber of prisms - - - - 

Slit-width 

X^umber of AngstrSm units 
<:orresponding to ^ = i mm - 

fo, 

m, 

AX 
m 

The data for the Mills spectrograph are taken from Professor 
Campbell's paper published in the Astrophysical Journal, Vol. 
"VIII, No. 3. The focal length of the double camera lens is 
taken as the focal length. The focal length of the triple lens is 
mot given, but from statements made later in the paper I assume 
they are practically the same. The value 12.4 was computed 
roughly from Table I, page 143. Figs. 7, 8, 9, give the intensity 
curves for these three instruments drawn by the above method. 
If we assume the average size of the grain' of the photographic 
plate to be 0.025 mm the corresponding value of f, for case 
II, is 1.2. In order to render these three curves strictly com- 
parable it will be necessary to vary the scale of f so that the 
scale of 5 shall be the same in each case; thus the scale of f, 
for case III, is twice that of case II ; when this has been done 
the actual linear value of ? corresponding to the size of the silver 
grain will be the same in each case. Below each curve I have 
drawn to scale the silver grains, leaving a space between them 
of the same size as the grain itself. 

The inspection of these curves shows that there are three 
important factors which determine the efficiency of a spectro- 
graph, namely, the optical resolving power, the contrasting power, 
and what may be called the effective size of the grains of the 
plate. I know of no data sufficient to determine the relative 

'Wadsworth, "Efficiency of the Spectrograph," this Journal, May 1896, p. 
328. 
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importance of these three factors, but I hope in the near future 
to secure a number of photographs of the solar spectrum taken 
with a spectroscope in which the focal length of the camera can 
be varied from six inches to four feet, and the dispersive power 
of the prisms from a single 60^ 'ig^t flint prism, through two 
dense 60° prisms up to a 14000 line grating. It seems to me 
that a collection of such photographs taken in connection with 
the corresponding intensity curves will form a much better basis 
for the correct design of a spectrograph than the ordinary hard 
and fast formulae for purity and resolving power, as such curves 
enable one to see at a glance the effect of varying any one of the 
several elements which enter into the spectroscope design. 

As this paper is already too long I shall not take up the case 
of double lines and the case of a slit illuminated by light between 
wave-lengths X^ and Xg. Their graphical treatment is obvious 
from what has already been given. 

Emerson McMillin Observatory, 
Ohio State University, 
March 10, 1899. 



PERTURBATIONS OF THE LEONIDS.' 

By G.Johnstone Stoney and A. M. W. Downi ng. 

When the present investigation was undertaken, our knowl- 
edge of the perturbations of the Leonids was due to an investi- 
gation carried on thirty years ago by Professor J. C. Adams.' 

His object was to compute the shift in the nodes of the 
meteoric orbit due to perturbations, and to compare the calcu- 
lated amount with the amount which had been deduced by Pro- 
fessor Hubert A. Newton from observations made at intervals 
during the last 1 000 years.3 

For Professor Adams' purpose the perturbations to be com- 
puted were the average perturbations ; and he accordingly 
employed Gauss' method, in which the mass of the disturbing 
planet is supposed to be distributed round its orbit in quantities 
proportional to the time that the planet occupies in traveling over 
each portion of its course. This elegant method furnishes the 
average amount of each perturbation on the supposition that the 
periodic times of the disturbed body and of the disturbing planet 
are incommensurable, so that in the course of time the two bodies 
present themselves in every possible position to one another. 

This condition, however, has been but imperfectly fulfilled 
within the limited period of looo years over which the recorded 
observations extend, especially in the case of the three planets 
which influence the Leonids most, and indeed are almost the 
only planets whose attraction needs to be taken into account. 
These are Jupiter, Saturn, and Uranus. A comparison of the 
periodic times shows that fourteen revolutions of Jupiter approxi- 
mate in duration within about one fifth of a year, to five revolu- 

* Read before the Royal Society. 

' Comptes RenduSy March 25, 1867, p. 651 ; and for a fuller account see Monthly 
Notices, April 1867, P* 247 ; or Monthly Notices , March, 1 897, p. 387, where the last 
mentioned paper is reprinted. 

"^ Silliman' 5 Journal yjy 377, 1864; and 38, 53. 

203 



204 G, /. STONEY AND A. Af. IV. DOWNING 

tions of the meteors ; two revolutions of Uranus occupy about 
one and three quarters of a year more than this same time, and 
nine revolutions of Saturn correspond within a fraction of a year 
to eight revolutions of the meteors. 

These cycles have been several times repeated within the 
period over which the observations extend ; and one consequence 
of these cycles is that there have been oscillations in the rate of 
the advance of the node about its mean value, so that the times 
for the showers assigned by applying to the orbit the average 
shift of its node have usually differed by several hours from the 
actual times. On one occasion — in A. D. 1533 — the shower 
anticipated the computed time by about twenty six hours, and, 
as the present investigation shows, a deviation of comparable 
amount and in the opposite direction is to bd expected this 
year. Accordingly, even if our sole object were to enable 
astronomers in future to predict more satisfactorily the times 
of the greater Leonid showers, it would be necessary to prepare 
for the task by first studying the actual amount of the peturba- 
tions in each revolution, and moreover, for meteors occupying 
various stations along the stream. 

For, in fact, the perturbations have not only differed indiffer- 
ent revolutions, but even within a single revolution, the meteors 
which occupy successive positions in the procession are differently 
affected by the surrounding planets, as is confirmed by the 
definite results which Herr Berberich has obtained by assuming 
successively two epochs for the perihelion passage.' The dense 
part of the stream, with which we are chiefly concerned, and 
which we may call the ortho-stream,' is now so long that it takes 

'See his paper on the perturbations since 1890 of the orbit of the comet which is 
associated with the Leonids, A, N., No. 3526. 

■ In order to facilitate the study of the Leonids it is convenient to distinguish 
between a great body of them — the ortho-Leonids — which are traveling round the 
Sun in nearly identical orbits, and another class of Leonids which we may call clino- 
Leonids, that are pursuing courses which differ in a more considerable degree from 
the ortho-orbit. By the ortho-orbit is to be understood the mean of the orbits of the 
ortho-Leonids. 

The ortho-Leonids at present form a compact stream of such a length that it takes 
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between two and three years to pass each point in its orbit, so 
that the configurations in which the several parts are presented 
to the disturbing planets are markedly different. Accordingly, 
perturbations must have produced in this long stream both sinu- 
osities and an unequal distribution of density ; ' and the first 
step towards increasing our acquaintance with these and other 
kindred phenomena, as well as towards gaining a better insight 
into the past history of the swarm, is to aim first at securing a 
more intimate knowledge of the perturbations. 

With this end in view it was decided, as a first step, to com- 
pute the actual perturbations of a definite part of the stream over 
the whole of one revolution, taking that part of the ortho-stream 
of which Adams had determined the orbit, and extending the 
computation over the revolution from the date of the great 
shower of November 1866, until that day in January 1900, 
^hen the same part of the stream will return to the Earth's orbit. 

Adams* calculation was based on determinations of the 
radiant point which were made in 1866, before photography had 
lent the aid to astronomy which it now yields. Moreover, the 
circumstance that the Earth deflected the meteors which were 
then observed by an amount which varied as the shower pro- 
gressed, was not at that time attended to by observers. Owing 
to these imperfections, there is a considerable probable error in 
the mean of the determinations which were made in 1866, and a 
corresponding uncertainty in the values of the elements com- 
puted from that mean. We are accordingly only justified in em- 
ploying Adams* orbit as approximate. But, fortunately, an error 
in the orbit, of such an amount as is at all likely to exist, will not 

nearly three years to pass each point of its orbit, and so narrow that when the Earth 
passes obliquely through it the transit occupies only some Bve or six hours ; whereas 
the clino-Leonids form a less dense and wider stream, which has spread itself the 
"whole way round the ring, and which produces in every November, when the Earth 
passes through it, a feeble meteoric shower that lasts for several days. 

'One consequence of the existence of irregularities in the stream of ortho-Leonids 
is that the ortho-orbit at one cross-section of the stream (;. e. the mean of the orbits of 
the meteors occupying that situation in the stream) is in general not absolutely identi- 
cal with the ortho-orbits at other cross-sections. 
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materially affect the perturbations of the orbit, which are what 
we have at present in view. 

The main stream of Leonids — the ortho-stream — is narrow 
and very long, and it is convenient to divide it into segments, 
each of which shall be of moderate length. Through one of 
these, which we may call segment A, the Earth passed in Novem- 
ber 1866, and on that occasion there was withdrawn from it that 
small portion which consisted of meteors which either encoun- 
tered or passed close to the Earth. Those that actually plunged 
into the Earth's atmosphere were destroyed: those that passed 
near were deflected, and were also either accelerated or retarded, 
and they thus became clino-Leonids. It is with the great 
majority of the meteors in segment A, which escaped both these 
fates and continued to be ortho-Leonids, that Adams' investiga- 
tion is concerned. He ascertained their orbit ; and starting 
from the elements of the orbit as determined by him, the actual 
perturbations which it has since undergone have been computed, 
and the main results thus arrived at are embodied in the follow- 
ing table. 

As already stated, the calculation has been extended over an 
entire revolution of that portion of the stream which we have 
called segment A ; and in computing the perturbations, account 
has been taken of the attraction exercised upon these meteors 
by Mars, Jupiter, Saturn, and Uranus. At first Venus and the 
Earth were included, but as the influence of these planets was 
found to be insensible, they were omitted from the latter part of 
the calculation. 

The expense of carrying on the work has been met partly out 
of the Government Grant administered by the Royal Society, 
and partly out of the Royal Society's Donation Fund. The 
computations have been made by Messrs. F. B. Cooper, J. H. 
Bell and W. H. Walmsley, members of the staff of the Nautical 
Almanac office. We are also indebted to Mr. E. Roberts, the 
chief assistant, for his aid in various parts of the work. The 
method adopted was that by mechanical quadratures, the deter- 
minations of the variations of the elements being made at inter- 
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vals of thirty-six days, except for the period from May 1871 to 
December 1894, during which time the perturbations were small 
and progressed so regularly that it was found sufficient to make 
the computations at intervals of 216 days. 

The most noteworthy features are a near approach to Saturn 
in April 1870, and a near approach to Jupiter in August 1898, 
at which latter time the meteors in segment A of the stream were 
at a distance from the planet of only 0.9 of the mean radius of 
the Earth's orbit. The consequences of these near approaches 
are brought out in the table. Uranus produced but little effect 
in this revolution. The planet was at a distance when the swarm 
crossed his orbit. And the influence of Mars was trifling. So 
that nearly the whole of the perturbations during this revolution 
have been caused by Jupiter and Saturn. 

The following were the adopted masses of the disturbing 
planets : 

T 

Mars . . - - 



Jupiter 
Saturn 
Uranus 



3.093*500 

I 
1,047.879 

I 
3.501.6 

I 



22,756 

In consulting the table, it has to be borne in mind that €, which 
is there designated, in complianse with the usual convention 
amongst computers, the **mean longitude in the orbit," is in 
reality the sum of two angles lying in different planes, viz., the 
longitude of the node + the angle between the radii from the 
Sun to the node and to an imaginary body starting from peri- 
helion at the same epoch as segment A of the meteors, and 
thenceforward moving uniformly in a circular orbit round the 
Sun in the same plane and with the same periodic time as the 
meteors. So again tt, the so-called ** longitude of perihelion," is 
the sum of two angles, viz., the longitude of the node measured 
along the ecliptic, + the angle from the node to the perihelion 
measured in the plane of the orbit. The second angle in each 
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case, that in the plane of the orbit, is measured in the direction 
of the positive motion. 

The perihelion distance in Adams* orbit, of which the ele- 
ments are in the first column of the table, and which was the 
osculating ellipse on 1866, November 13, is 0.9855; that of the 
osculating ellipse on 1900, January 27, of which the elements are 
in the last column, is 0.97296. There is a corresponding differ- 
ence in the distances of the node from the Sun, a difference 
which would be enough to carry segment A of the meteoric 
stream inside the Earth's orbit without intersecting it when it 
passes the Earth's orbit on 1900, January 27, unless the depth of 
the stream towards the Sun is greater than its width at right 
angles to that direction — a width which from observation has 
been estimated to be about 100,000 miles. We have, however, 
satisfied ourselves, from the dynamical conditions which must 
have prevailed when the Leonids joined the solar system, that 
the depth of the stream is much greater than its width. 

The longitude of the node at the epoch 1900, January 27, 
would be 52° 25', if computed in the way which has been hith- 
erto usual, by applying to the longitude at the time of the 
shower of 1866 the average apparent shift of the node as deter- 
mined from observation by Professor Newton, viz., 102.6' annu- 
ally ; whereas in the orbit of our table it is 53° 42'. It thus 
appears that the amount of this perturbation upon segment A of 
the stream has been more than three and a half times its average 
amount, and, doubtless, the perturbations in this revolution of 
the other elements have also been excessive as compared with 
their average amounts. 

Thus, the mean distance of the meteors occupying segment 
A of the stream has been undergoing so much extension, that 
the meteors will at the end of the revolution find themselves 
with a periodic time longer by one third of a year — an amount 
of change which must largely affect their future history, unless 
this great perturbation is compensated by what happens elsewhere 
or at other times. 

At the epoch 1899, November 15, the longitude of the node 
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will be 53° 41.7', a position which the Earth will reach on 1899, 
November 15** 18**. It is probable, therefore, that the middle 
of the shower of the present year (1899) will occur nearly at 
this time, since segment A in the stream, for which our calcula- 
tions have been made, is situated in the stream less than three 
months' journey of the meteors behind the segment which the 
Earth will encounter next November, and which we may call 
segment B. This conclusion, however, rests on two assumptions : 
(i) that segments A and B were, in 1866, moving in orbits that 
did not much differ; (2) that the perturbations which segments 
A and B have since suffered have not much differed. Both 
assumptions are probable, but unfortunately neither is certain ; 
so that the prediction can only be offered with reservation. If 
the shower occurs at the time anticipated, it will be visible from 
both Europe and America. 



THE WAVE-LENGTH OF m AND THE APPEARANCE 
OF THE SOLAR SPECTRUM NEAR THE HYDROGEN 
LINES. 

By L E w I s E. Jewell. 

Last summer Mr. J. Evershed, in working up his measure- 
ments of the hydrogen lines upon some remarkably fine plates 
of the ** flash-spectrum,*' obtained at the time of the last solar 
eclipse in India, came to the conclusion that there was an error 
of about one tenth of an Angstrom unit in the wave-length of 
Hh as given in Rowland's Tables. 

More recently Mr. W. H. Wright and Professor W. W. Camp- 
bell, from their measurements of the hydrogen lines in the spec- 
trum of o Ceti, have come to the same conclusion. Being respon- 
sible for the measurements and calculations of wave-length in 
Rowland's Table of Solar Spectrum Wave-lengths, and being also 
quite familiar with the appearance of Hi in the solar spectrum, 
I have thought it well to state the facts in the case as they 
appear to me. 

The wave-length of Hi as given in the table is not a misprint, 
nor is there any error of observation or calculation, as has been 
ascertained by carefully going over the work again. However, 
there is some uncertainty as to the proper interpretation to be 
placed upon the appearance of the spectrum at this point. This 
region of the spectrum was measured upon a remarkably fine 
plate taken by Professor Rowland, and the table gives the 
appearance of the spectrum upon that plate according to my 
judgment, except that a very few exceptionally faint lines were 
not measured. A reexamination of both this and a number of 
other plates confirms the original interpretation. 

In the accompanying diagrams are given the intensity curves 
as determined from photographic plates where possible, which 
represent the appearance of the spectrum in the immediate 
vicinity of the five hydrogen lines in the visible portion of the 
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solar spectrum. The dotted lines show what the intensity curve 
of the hydrogen tines probably would be if free from the presence 
of other lines. The curves given show how difficult the inter- 
ference of other lines renders the interpretation of phenomena 
in some cases. Even in the case of the hydrogen line C (/^«) 
there are some small water-vapor lines (not seen upon any plates 
which I have examined) wliich cross the broad nebulous hydrogen 
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line when the air is exceptionally moist and the Sun iow. H'^ 
is freer from other lines than almost any of the other hydrogen 
lines, but there are indications that a small line due to some other 
element occurs at the center of this line. Hh is the worst of all. 
An examination of the intensity curves shows that there is a 
gradual reduction in the size and strength of the hydrogen lines 
of the solar spectrum as the violet end is approached ; there is, 
however, a possible relative increase of the faint haze at the 
edges of lines. In the case of Ha and H& there is a faint 
reversal which is slightly displaced from the center of the line; 
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but in the case of H^ there is no trace of a reversal. He is prob- 
ably too faint and small to show a reversal even if one existed. 

Upon Rowland's Map of the Solar Spectrum there is a shad- 
ing towards the violet from the position assigned to Hi in Row- 
land's Table, in consequence of which Hh appears both much 
stronger and broader than H^^, The same appearance is shown 
upon plates where the definition is not of the very best quality, 
but upon the very finest plates where other lines are the sharpest 
a^d clearest, the indications are that this shading is due almost 
altogether to other faint lines and not to hydrogen. If it is due 
principally to hydrogen, then Hh is reversed in the solar spectrum 
and considerably stronger and broader than //7, and the wave- 
length of the center of the line may be 4101.900 or slightly 
less ; but, if Hh is not reversed in the solar spectrum and in 
intensity lies between H^ and He, then its wave-length is not less 
than 4102.000. 

The relative intensity of the hydrogen lines in the chromo- 
spheric spectrum should show which conclusion is correct. It 
is not impossible that //8 may be both reversed and stronger than 
//7, but the appearances upon the best solar spectrum plates are 
certainly against the supposition. 

It may be well to mention in this connection that in the 
absorption spectrum of oxygen in the Earth's atmosphere, there 
is both an irregularity in the variation of intensity of the lines 
constituting the series in the tails of the oxygen bands, and at the 
same place there is a deviation from the positions of the lines as 
assigned by mathematical theory; possibly the same thing may 
be true with the hydrogen series. Both Hh and He as given by 
Balmer's formula differ from the positions in the solar spectrum 
given in the Table ; and the difference is in opposite directions 
in the two cases. 

The value of the wave-length for Hh as found for hydrogen 
gas in vacuum-tubes agrees with that deduced from Balmer's 
formula. 

Johns Hopkins University. 
March 6, 1899. 



A DETERMINATION OF THE WAVE-LENGTHS OF 
THE PRINCIPAL LINES IN THE SPECTRUM OF 
GALLIUM, SHOWING THEIR IDENTITY WITH 
TWO LINES IN THE SOLAR SPECTRUM. 

By W. N. Hartley and Hugh Ramage. 

It having been shown by us * in the examination of a number 
of minerals, such as feldspar, mica, basalt, pumice from Krakatoa, 
volcanic dust from New Zealand, iron ores, aluminous minerals, 
and of meteoric iron and meteoric dust, that gallium is a common 
constituent, present only in small proportion, it seemed of inter- 
est to determine whether traces of this element are to be found 
in the solar spectrum. 

In order to test this matter by a more accurate investigation 
than is possible with ordinary instruments, we have been very 
glad to avail ourselves of the very kind offer of assistance made 
by Dr. W. E. Adeney, Curator of the Royal University of Ireland. 
He has afforded us the means of photographing spectra with the 
fine Rowland concave grating of twenty-one and a half feet 
radius which has been mounted in the Physical Laboratory of the 
University. The instrument was adjusted so that we could pho- 
tograph on one plate, igj^ inches long, the region, in the sec- 
ond order, between wave-lengths 3990 and 4500. Cadet ** light- 
ning plates " were used, and they were developed with hydro- 
quinone. 

We were under the necessity of obtaining a specimen of pure 
iron for the purpose of obtaining a spectrum of this metal per- 
fectly free from gallium, manganese, and one or two other ele- 
ments, such as chromium, with which it is usually associated. 
For this purpose we made use of the iron in a pulverulent form, 
which is separated from potassium ferrocyanide when this sub- 

' Proc. Royal Society^ 60, 35, and 393. Trans, Chemical Society ^ 1897, pp. 533, and 
547. Journal Iron and Steel Institute^ 1897, No. 2, p. 182. Scientific Proc, Roy. Dub. 
Soc, 8 (N. S.), Part 6, No. 68. 
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Stance is fused with potassium carbonate, and the black powder 
is separated from the potassium cyanide by solution in water or 
alcohol, and afterwards washed and dried. We believe this to be 
the purest form of iron which has yet been made. 

To use it in the arc, we are obliged to ram it into carbon 
tubes, by which treatment it is unfortunately contaminated with 
carbon, but we have not found other impurities introduced. We 
have also used the iron residue obtained by the simple ignition of 
potassium ferrocyanide, the carbon of which must be very pure. 
For oxyhydrogen flame spectra, it is rolled up in ashless filter- 
papers and burnt in the flame. 

From our knowledge of the spectrum of gallium and of the 
proportion present in the minerals containing it, we concluded 
that it would probably be useless attempting to find any lines in 
the solar spectrum other than the two well-known lines of wave- 
length about 4172 and 4033. We found that the less refrangi- 
ble of these lines is nearly coincident with an iron line in the arc 
spectrum of iron and in the solar spectrum, and that the second 
and more refrangible line is nearly coincident with an iron-manga- 
nese line in the solar spectrum. In a case of this kind where the 
lines are very feeble and very closely adjacent to others, mere 
coincidence observed by photographing metallic spectra along 
with that of the Sun is not so satisfactory as actually determining 
the wave-lengths by measurements. The following is a list of 
the photographs taken with the Rowland grating : 

Plate I. (i) Solar spectrum. 

(2) Blast furnace iron containing 30^0 a of its weight of gallium, 
an arc spectrum. 

These spectra cannot be considered as showing absolute coin- 
cidences with the gallium lines. The arc spectrum contains a 
very large number of lines belonging to iron, but those of gal- 
lium are not distinctly visible, because the iron lines lie over 
them. 

Plate II. (i) Spark spectrum taken from a solution of gallium chloride 

between platinum electrodes. Exposure 1 5 minutes. 
(2) Solar spectrum showing where coincidences might be looked for. 



2l6 IV, N, HARTLEY AND HUGH RAMAGE 

This photograph gives the relative intensities of the two lines, 
the less refrangible being the stronger. 

Plate III. A second plate with the same two spectra, a band of the solar spec- 
trum running through the middle of the spectrum, and a sec- 
ond one touching the edges df the lines. 

Plate IV. (i) An arc spectrum of pure iron, the metal being prepared from 

potassium ferrocyanide, by fusion with potassium carbonate. 

(2) The same. 

(3) The same, with a larger proportion of the residue obtained on 

ignition of gallium ferrocyanide. 

(4) Similar to (3), but with a smaller proportion of gallium. 

(5) Solar spectrum photographed on the succeeding day, the Sun 

at the time being too low to show possible coincidences. 

In (3) and (4) the gallium lines are beautifully reversed; 
but in (4) the lines are broad and the reversals much less 
marked. The reversed lines of gallium are clearly seen to cor- 
respond with reversals in the solar spectrum ; but the reversals 
may probably be those of iron lines very closely adjacent to those 
of gallium. 

Plate V. (i) Arc spectrum of pure iron from ferrocyanide, with the addition 

of a gallium compound, on the middle portion only. The 
solar spectrum is taken with the middle portion cut out. 
(2) Arc spectrum of a small quantity of a gallium compound and a 
small quantity of the iron also, with the solar spectrum as in 

(0. 

In theoxyhydrogen flame, arc and spark spectra of substances 
both poor and rich in gallium, the line 4172 is always stronger 
than 4033. 

By measurements of the iron lines and the gallium lines in 
arc spectra of materials containing different proportions of the 
two metals, the wave-lengths of the two gallium lines were deter- 
mined by interpolation from the iron lines. The wave-lengths 
of the latter used were those determined by Rowland in the solar 
spectrum. By this method, the wave-lengths of the reversed 
gallium lines are found to be 4172.214 and 4033.125. These 
numbers are higher than those obtained by Lecoq de Boisbau- 
dran in the spark, and higher also than our measurements of the 
lines in the oxyhydrogen spectra photographed with very small 
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dispersion, namely, 4171.6 and 4032.7; but they have been ver- 
ified to the second decimal place by different measurements. 

In Rowland's Table of Solar Spectrum Wave-Lengths, pub- 
lished in the Astrophysical Journal. Vol. I, pp. 139 and 225, 
there are two lines corresponding to these ; but, to judge of the 
probability of these lines belonging to the element gallium, it is 
necessary to consider their relative intensities. Rowland meas- 
ures the intensities of the solar lines over a wide scale, extending 
from I, a line just clearly visible on the map, to looo, for the H 
and K lines ; and it is remarked that this is hardly enough for 
the enormous differences in intensity. Below i, the lines in the 
order of faintness, proceed from o to 0000, indicating lines more 
and more difficult to see. The lines in his table which lie near 
to the two measured lines in the arc-spectrum of gallium are the 
following : 

SOLAR LINES. ^ 
A Intensity 

4171.854, Cr, La, Mn, Ni, Fe, 3 

4172.066, Ti, Fe, 2 

4172.21 1, Al (?), I 

4172.296, Fe, - 2 

A 

4032.610, Fe, 2 

4032.789, Fe, 4 

4032.985, 000 

4033.112, 00 

4033.224, Fe, Mn, S., 7d 

We find that the lines in the solar spectrum most nearly 
coincident with the gallium lines, according to our determina- 
tions of the wave-lengths, are the following : 

Solar lines Intensity Gallium lines Intensity 

4172.21 1, Al,» - - - I 4172.214, - - - I 

4033.112, - - - 00 4033-125, - - - 00 

We believe these numbers to be quite accurate to the second 
decimal place. Our micrometer measures to the ten-thousandth 
of an inch, and an error of this magnitude makes a difference of 

"This Journal, i, 1895. 

* Corrected by Rowland, and definitely assigned to aluminium. See this Journal, 
December 1897. 
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0.0033 1^ the wave-length. We used lines in the arc spectrum as 
fiducial lines, which correspond with the following solar lines : 

SOLAR LINES.* 

4191.595, Fe, 6 4044.766, Fe, 3 

4187.204, Fe, 6 4040.792, Fe, 3 

4175.806, Fe, 5 4034.644, Mn-Fe, 6 

4171.068, Fe, 4 4032.789, Fe, 4 

4143572, Fe, 4 4032.117, Fe, 2 

The wave-lengths of the two gallium lines determined from 
these are as follows : 

Reversed lines, Plate IV, - - - 4172.214 and 4033.125 
Lines in Plate V, - - - - 4172.214 and 4033.120 

With the stronger line the numbers vary between 4172.210 
and 4172.216, and with the weaker line between 4033.117 and 
4033.128. 

The relative intensities of the two gallium lines are the same 
in the oxyhydrogen flame, the arc (bright and reversed lines) , 
and spark spectra ; and they are fairly represented on Rowland's 
scale by i and 00. 

We consider the wave-lengths determined from the reversed 
lines to be more accurate than those determined from the bright 
lines in Plate V. In the latter the gallium lines and the closely 
adjacent iron lines overlap. We therefore adopt 4172.214 and 
4033.125 as the wave-lengths of two lines in the spectrum of 
gallium which have been observed in various substances examined 
by us. 

There are two lines, 4172.296, Fe, and 4033.224, Fe-Mn, 
which are so closely adjacent that we have not been able to dis- 
tinctly separate them from the gallium lines, even when working 
on spectra of the second order, though the ends of the two lines 
can be observed with the microscope quite distinctly. By work- 
ing in a clearer atmosphere, with a higher order of spectrum and 
a narrower slit, it may be possible to distinctly separate two 
Fraunhofer lines of these wave-lengths. 

'This Journal, i, February and March 1895, and 6, December 1897. 
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The evidence that gallium is contained in the Sun is of the 
following character : 

1. This element, in minute proportions, is extraordinarily 
widely distributed in the crust of the Earth, in felspar, mica, 
basalt, iron ores, and aluminous minerals generally. It is also 
commonly found, as we have ascertained, in pumice and volcanic 
dust from New Zealand and Krakatoa ; thus proving its presence 
in the interior of the Earth. 

2. Gallium is a common constituent of iron meteorites, asso- 
ciated with nickel and cobalt.^ 

3. The lines of gallium, both in the arc and spark spectra of 
a solution of gallium chloride, show that the less refrangible is 
the stronger line, and that their relative intensities are repre- 
sented by I and 00 on Rowland's scale. 

4. In the arc spectrum of gallium these two lines are very 
easily reversed. 

5. The wave-lengths of the gallium lines, 4172.214 and 
4033.125, correspond with two lines in the solar spectrum, one 
of which has been assigned to aluminium by Rowland, the wave- 
lengths of which are 4172.21 1 and 4033.1 12. 

As owing to the chemical properties of gallium oxide — its 
separation from alumina and other sesquioxide bases is extremely 
difficult, and requires a very special and peculiar treatment — we 
should expect to find that aluminous compounds, from whatever 
source, and aluminium would furnish the gallium lines, which 
is exactly in accordance with our experience. There can be no 
doubt, from the relative intensities of the lines, from their wave- 
lengths, from the association of gallium with aluminium and with 
iron, that the solar lines 4172.21 1 and 4033.112 have their 
origin from gallium contained in the Sun, which is present in 
small proportion when compared with iron, and that the solar 
spectrum, in so far as the proportion of gallium to iron is con- 
<:erned, may be considered to be fairly imitated by the arc 
spectrum of blast-furnace iron containing aoJ^u^ of its weight 
of gallium, since, if the more volatile metal were in any consid- 

^ Scientific Proc. Roy. Dub, Soc, 8 (N. S.), Part 6, p. 705. 



220 IV. A'. HARTLEY AND HUGH RAMAGE 

erable proportion, the gallium lines would broaden and overlap 
those of iron with wave-lengths 4172.296 and 4033.224. 

This research brings to light the fact that, where coincidences 
are few in number, the mere coincidences of lines in the spectra 
of terrestrial matter with reversed lines in the solar spectrum 
is not equivalent to a proof of the existence of the elements in 
the Sun or other heavenly bodies, even when the most powerful 
instruments are employed for resolving the lines. Professor 
Rowland's tables of solar spectrum wave-lengths show not only 
how nearly lines of different elements may coincide, but how 
there are some actual coincidences, as for instance of nickel with 
iron lines. Lines may also overlap. Generally speaking, two 
lines of the same wave-length, belonging to different elements, 
differ in this respect, that one is strong and the other weak, or 
perhaps not so strong. 

Examples are familiar to us and may be cited. For instance, 
two lines of rubidium are very frequently obscured by two of 
iron ; the strong line of rubidium corresponds with the weak line 
of iron, and vice versa,^ If therefore the two lines appear of the 
same intensity, we know that rubidium is present ; and if the 
order of the intensity is the reverse of that of the iron lines, we 
know then that the proportion of rubidium is larger than in the 
former case. Of course, the presence of iron is determined by 
other lines than these two which coincide with the rubidium 
lines. The greater mass of a substance may have the effect of 
obscuring or extinguishing some of the lines in the spectrum of 
another element less easily volatilized. On the other hand, the 
greater mass of a less easily vaporized substance may also 
obscure? the lines of one more volatile which are in close prox- 
imity. 

In conclusion, we tender our sincere thanks to Dr. Adeney 
for the aid so cordially given us in obtaining photographs from 
which these measurements have been made. 

' Wavelengths of the rubidium lines, 4215.72 and 4201.98; wave-lengths of the 
iron lines, 4216.28 and 4202.15. 



A SPECTROGRAPHIC ANALYSIS OF IRON METEOR- 
ITES, SIDEROLITES, AND METEORIC STONES.* 

By W.N. Hartley and Hugh Ramage. 

In a paper just published in the Transactions of the Chem- 
ical Society, 51, 533, on **The Wide Dissemination of Some 
of the Rarer Elements, and the Mode of their Association in 
Common Ores and Minerals," we have shown that out of ninety- 
one iron ores belonging to the metallurgical collection in the 
Royal College of Science, thirty-five contain the extremely rare 
metal gallium, and most of them contain constituents of an 
unusual character not hitherto known or suspected to be con- 
tained therein. For instance, rubidium appears to be very com- 
monly present, while the magnetites, from whatever part of the 
world, invariably contain gallium, but no indium ; the siderites 
all contain indium, but no gallium. We have, therefore, consid- 
ered it desirable that meteorites should be examined, and 
accordingly a selection of specimens was made for the purpose. 
They are classified into meteoric irons, siderolites, and meteor- 
ites, or meteoric stones, and on the following pages their com- 
position is shown, with the collections from which they were 
obtained. 

In the paper mentioned we have given a list of those ele- 
ments capable of being detected by our method of examination. 
Those which are not volatilized in the oxyhydrogen flame are 
silicon, titanium, vanadium, tungsten, platinum, etc., and these 
have not been sought for. 

The range of sj)ectrum examined is extensive, and lies 
between wave-lengths 6000 and 3200, and lines capable of being 
photographed were carefully observed. It will be noted that in 
the tabulated statement (on page 223), after the symbol of the 
element, an index number from i to 9 shows the relative 

^Scientific Proceedings of the Royal Dublin Society, Vo\. VHI (N. S.), Part 6, 
No. 68. 
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strength of the lines, the figure I indicating the weakest, and 9 
the strongest appearance of the same lines in the several spec- 
tra. In the case of the principal constituents of the meteorites 
this is unnecessary, as lists of the lines measured are given, but 
where only two or three lines are visible, the substances being 
in minute proportions, the index figures serve a very useful pur- 
pose. Symbols in italics indicate traces only. The tabulated 
statement clearly shows the elements which are present, with 
variations in the composition of the different specimens. 

The lines were identified by measurements made on the pho- 
tographs, and wave-lengths were obtained from curves based on 
Rowland's Standard, the particular wave-lengths quoted being 
those of Kayser and Runge. Lists of the lines of iron, nickel, 
cobalt, sodium, potassium, rubidium, gallium, copper, silver, and 
lead are given. A calcium line was recorded in all specimens, 
and the bands of magnesia in all the stony meteorites. 

We were at first inclined to doubt whether calcium, sodium, 
and potassium were really constituents of the meteoric irons, 
but the lines of the alkali metals, which are very weak, were 
proved to belong to the metallic iron by burning it without hav- 
ing recourse to a support of any kind, and thus the spectrum 
observed was the same as that obtained by burning filings of the 
metal on supports. A portion of the file used upon the metal 
was also burned, and this showed a composition differing from 
that of the meteoric irons, since it contained manganese, but no 
nickel, cobalt, or gallium. 
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LIST OF IRON LINES MEASURED AND IDENTIFIED IN THE SPECTRA 

OF METEORIC IRONS; WAVE-LENGTHS ACCORDING TO KAYSER 

AND RUNGE's MEASUREMENTS. 

A A A A 

5371.60 4045-90 3813-12 3682.35 

5330.90' 4005.33 3799-68 3680.03 

E 5269.65 3969-30 3798.65 3647-99 

5169.09 3930.37 3795-13 3631-62 

5110.50 3928.05 3788.01 3618.92 

4482.35 3923-00 3765.66 3608.99 

4461.75 3920.36 3763-90 3587-10 

4427.44 3906.58 3758.36 3586.24 

4415-27 3899-80 3749-61 N 3581.32 

4404.88 3895-75 3748.39 3570.23 

4383-70 3887.17 3745-67 3565.50 

4376.04 3878.82 3743.45 3558.62 

4325.92 3872.61 3737-27 3526.50 Ni here 
G 4307-96 3867.33 3735-00 3521.56 

4294.26 3860.03 3732.54 3513-91 

4271.30 3856.49 j^ \ IT^l'l^ 3497.92 

4250.93 3850.11 (3727-13 3490.65 
4216.28 3840.58 3722.59 3476.75 
4202.15 3834.37 3720.07 3475-52 
4143.96 3826.04 3709-37 3465-95 
4132.15 3824.58 3708.03 O 3441.07 
4071.79 L 3820.56 3707.18 3440.69 
4063.63 3815.97 3687.77 

LINES OF NICKEL IN METEORIC IRONS ; WAVE-LENGTHS ACCORDING 

TO LIVEING AND DEWAR. 

A A A A 

3857.8 3565.7 3461. 1 3390.4 

3806.6 3547-5 3457-9 3380.0 

3783.6 3523.9 3452.3 3373.3 

3775.0 3519- J 3445.7 3371.3 
3618.8 3514-4 3436.7 3368.9 

36 1 2. 1 3509.7 3433-0 ( 33654 ) Appears 
3609.8 3492.3 3423.1 ( 3365.1 ) as one line 
3597-0 3483.1 3413-8 3319-7 

3571.2 3471-9 3412.9 3315-1 

' Not identified on Kayser and Runge*s map; possibly it is 5330.15, but in our 
spectra there is a diffuse band of rays hereabouts, and apparently several feeble lines 
or edges of bands, which are difficult to measure. 
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LINES OF COBALT IN METEORIC IRONS; LIVEING AND DEWAR'S 

WAVE-LENGTHS. 
A A 

4119-4 3533.6 

3995.4 3529.9 } V 3 

3575.7 3529.0 ) ^ 

3575.3 3526.9 Possibly two lines 

3569.7 3502.2 

LINES OF THE ALKALI METALS IN METEORIC IRONS ; KAYSER AND 

RUNGE's MEASUREMENTS. 

Sodium Potassium Rubidium 

A A A 



( 5896.16 ) ( 4047.36 ) 

( 5890.19 \ \ 4044.29 ) 



4201.98 
4215.72 



3303.07 



LINES OF OTHER METALS IN METEORIC IRONS. 

Gallium Copper Silver Lead 

A A A A 

41 71.8 3274.09 3382.98 4057.97' 

4032.7 3247.65 3280.80 3683.60 

3639.70 

A calcium line was observed, wave-length 4226.91. This was 
believed to be caused by dust. There is an iron line at 4227.60 
(K. and R.),but it does not appear in flame spectra. In the 
meteoric irons from Arva, Hungary, in which there is troilite, 
and in the specimen from Canon Diablo, Arizona, there is a trace 
of manganese. The lines just visible are those with wave- 
lengths 4033 and 4030 (Liveingand Dewar's numbers are 4032.0 
and 4029.5). 

The nickel and iron lines are strong in all the specimens. 
The alkali metals are weak, potassium being found in traces 
only. These spectra disclose a marked difference between 
meteoric iron and telluric metal, not only in the presence of a 
large proportion of nickel in the former, but in the absence of 
manganese, an element which is invariably contained in the 
latter. 

*This line is shown as 4357 in Plate 7, PhiL Trans.^ 185, 1894, by an error of the 
engraver. 
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The presence of gallium in variable proportions in the iron 
meteorites is remarkable. The only one in which its occurrence 
was at first doubtful was that from Thunda, Windora, Queens- 
land. Cobalt occurs in all specimens except in one from Vir- 
ginia, but it does not appear in the meteoric stones. 

The meteoric stones all contain chromium in variable pro- 
portions and manganese in traces only. 

The meteorite from Atacama consists of a honeycombed 
mass of iron, the spaces being filled with a yellow crystalline min- 
eral (olivine ?), which was examined separately from the iron, 
and found to contain the following constituents, the bases being 
separated from the silica. 

COMPOSITION OF THE NON-METALLIC PORTION OF THE IRON METE- 
ORITE FROM ATACAMA. 

Alkali and alkalifie earth metals, — Sodium, potassium, mag- 
nesium, calcium, and a trace of strontium present as oxides or 
silicates. 

Heavy metals. — Iron, nickel, chromium, copper, silver, lead, 
and a trace of manganese as oxides or silicates. 

Professor Norman Lockyer has examined the photographic 
arc spectra of iron meteorites {Phil. Trafis., 185, 1023), using^ as 
poles pieces of the meteoric irons from the British Museum, known 
as the Nejed and Obernkirchen meteorites. The range of spec- 
trum was from about 5892 (D) to 3933 (K). In addition to 
iron the following substances were declared to be present : Man- 
ganese, cobalt, nickel, chromium, titanium, copper, barium, cal- 
cium, sodium, and potassium. Others were said to be probably 
present, namely, strontium, lead, lithium, molybdenum, vana- 
dium, didymium, uranium, tungsten, yttrium, osmium, and alu- 
minium. 

The general conclusions arrived at were that the two mete- 
orites agreed very closely in composition ; that there was a very 
considerable similarity between the spectra of the meteorites 
and that of the Sun, the lines having the same relative intensity 
as those in the solar spectrum. The presence of copper was 
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supposed to be probably due to copper wire being used to bind 
the pieces of iron to the poles of the arc lamp, as neither flame 
nor spark spectra confirmed the presence of copper. It may 
here be remarked, however, that the most prominent lines in the 
spectrum of copper lie in a region far beyond K in the ultra- 
violet, and were therefore not within Lockyer's range of obser- 
vation, when produced either by arc, spark, or flame. There 
were forty-three lines for which no origin was suggested, twenty- 
nine being apparently coincident with lines in Kayser and 
Runge's iron spectrum. It was shown that the chief chemical 
differences between the two meteorites was a preponderance of 
calcium in the Nejed meteorite, and of nickel, barium, and stron- 
tium in that from Obernkirchen. A line at 41 71. 2 is described 
as ''unknown," and one at 4031.4 is doubtfully ascribed to iron. 
The former is certainly, and the latter probably, a gallium line, 
wave-lengths 4 171. 8 and 4032.7. 

The substances which yield spectra in the oxyhydrogen 
blowpipe, capable of being photographed, are those which are 
easily volatilized at a temperature of about 1800 C, as one of 
us has already shown (" Flame Spectra at High Temperatures, 
Part I, Oxyhydrogen Blowpipe Spectra," Phil, Trans, ^ 185, 161, 
1894), and they form a very large proportion of the metallic 
elements and their compounds. When examined by this method 
over a wide range in the ultra-violet, most substances yield char- 
acteristic spectra. 

CONCLUSIONS. 

1. The composition of different metallic ores is very similar, 
though the proportions of the constituents differ to some extent. 

2. We find that copper, lead, and silver are common constit- 
uents of meteoric irons, and that they occur in variable propor- 
tions. We have already shown that this is the case with iron 
ores of different varieties, and different kinds of manufactured 
irons. 

3. Gallium is a constituent in varying proportions of all mete- 
oric irons, but not of all meteorites. It occurs in one of the 
siderolites we have examined. 
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4. Sodium, potassium, and rubidium are constituents of mete- 
oric irons, but only in minute proportions. 

5. Chromium and manganese are found in meteoric stones, but 
not in the irons, though very minute traces of manganese have 
been detected in two of our specimens. 

6. Nickel is found as a principal constituent in all meteorites, 
meteoric irons, and siderolites. Cobalt occurs in the two latter 
varieties only. 

The chief points of difference between telluric and meteoric 
iron is the absence of nickel and cobalt in any considerable pro- 
portion from the former, and the presence of manganese ; while 
meteoric irons contain nickel and cobalt as notable constituents, 
and, except in minute traces, manganese is absent. 



NOTES ON THE PAPERS OF HARTLEY AND RAM- 
AGE CONCERNING THE SPECTRUM OF GALLIUM 
AND THE SPECTRA OF METEORITES.^ 

By Lewis E. Jewell. 

The two papers upon the above subjects have recently appeared 
and contain matter of much interest. When the plates of the 
metallic spectra were taken in the laboratory at Johns Hopkins 
University, Professor Rowland could secure no specimen of gal- 
lium or any of its salts. In the light of the researches of 
Professors Hartley and Ramage I have examined all of the 
plates likely to contain gallium. 

The aluminium plates show the two gallium lines fairly strong, 
and the lead plates somewhat less so. The silver plates show them 
faintly, as also do some of the plates of iron. Of the meteorites, 
the plates of the spectrum of the Bcndigo meteorite show them 
faintly, while the New Concord meteorite shows no indications. 

One plate each of aluminium and lead shows the gallium 
lines quite strong, and the coincidence of the two lines at 
4033.112 and 4172.21 1 with solar lines seems to be exact. 

Rowland's revised tables of wave-lengths for the regions 
given by Hartley and Ramage will be as follows : 
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Cr 
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4032.789 
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C,Fe 


2 
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4172.066 


Ti,Fe 
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4033-112 
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00 


4172. 211 


Ga 
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4033.224 s 


Mn 
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4172.296 


Fe-Ce 


2 



♦Apparent duplicity caused by reversal in Sun. 

METEORITIC SPECTRA. 

The spectra of several meteorites have been photographed 
in the Johns Hopkins University. Fairly complete spectra have 
been obtained of the New Concord, Ohio, and the Bendigo 
meteorites, and one plate each of the Tolucca, Mexico, and 
Fayette county, Texas, meteorites. 

'See pp. 214 and 221. 
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The New Concord meteorite gives quite a remarkable spec- 
trum. The substances whose presence is indicated are as fol- 
lows, in the order of their importance as determined by the lines 
of their spectra present : Mg, Na, Ca, Mn, Fe, Ni, Si, Al, Cr, 
Ba, Ti, Co, V, Sr, and K. There may be a trace of Rb, and the 
violet copper lines show somewhat stronger than they would 
from carbon poles alone, but the green copper lines are not seen 
upon the plates. The spectrum is chiefly remarkable for the 
large amounts of Mg, Na, Ca, and Mn present, although there is 
considerable Si, Al, Cr, and Ti also. 

Notwithstanding the character of the spectrum and the fact 
that the chippings easily powdered up, the surface of the meteor- 
ite was harder than chilled steel, breaking up the cold chisels 
with which the chippings were secured. I am indebted for the 
chippings to the late Wm. C. Gurley, formerly director of the 
Marietta, Ohio, Observatory, the meteorite being in the museum 
of Marietta College. It was seen to fall at New Concord, Ohio, 
on May i, i860, at 12 : 30 p. m. 

The Fayette county, Texas, meteorite has a similar spectrum, 
the one plate taken showing Mg, Ca, Fe, Cr, Fe, Ti, and Ni. It 
contains relatively more Ti and Cr, and somewhat less Mn, Ni, 
and Na. 

The Bendigo meteorite is distinctly of the iron class, its 
spectrum showing Fe, Ni, Co, and Ca. Al, Rb, V, and Ga are 
probably present in minute quantities only, while the spectrum 
shows no traces of Mn, Cr, Mg, Ca, Na or Si. The copper lines 
in the green show distinctly, as well as the two strong lines in 
the ultra-violet. 

The spectrum of the Tolucca meteorite shows the presence 
of Fe, Ni, Cr, and Mg. Other substances are not indicated 
upon the plate examined, except, perhaps, carbon. For some 
reason all of the metallic lines were very difficult to bring out in 
the spectrum of this meteorite. This was even more noticeable 
in visual observations than in the photograph of the arc. 

Johns Hopkins University, 
March 9, 1899. 



APPLICATION OF SELLMEIER'S DYNAMICAL THE- 
ORY TO THE DARK LINES D^, D^ PRODUCED 
BY SODIUM-VAPOR/ 

By Lord Kelvin. 

1. For a perfectly definite mechanical representation of Sell- 
meier's theory, imagine for each molecule of sodium-vapor a 
spherical hollow in ether, lined with a thin rigid spherical shell, 
of mass equal to the mass of homogeneous ether which would 
fill the hollow. This rigid lining of the hollow we shall call the 
sheath of the molecule, or briefly the sheath. Within this put 
two rigid spherical shells, one inside the other, each movable and 
each repelled from the sheath with forces, or distribution of force, 
such that the center of each is attracted towards the center of 
the hollow with a force varying directly as the distance. These 
suppositions merely put two of Sellmeier's single-atom vibrators 
into one sheath. 

2. Imagine now a vast number of these diatomic molecules, 
equal and similar in every respect, to be distributed homogene- 
ously through all the ether which we have to consider as contain- 
ing sodium-vapor. In the first place, let the density of the vapor 
be so small that the distance between nearest centers is great 
in comparison with the diameter of each molecule. And in the 
first place also, let us consider light whose wave-length is very 
large in comparson with the distance from center to center of 
nearest molecules. Subject to these conditions we have (Sell- 
meier's formula) 

(lY - ' + ^, + ^. : (.) 

where m, m^ denote the ratios of the sums of the masses of one 
and the other of the movable shells of the diatomic molecules 
in any large volume of ether, to the mass of undisturbed ether 

^PhU. Mag,, (5) 47, March 1899. 
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filling the same volume ; k, k^ the periods of vibration of one and 
the other of the two movable shells of one molecule, on the sup- 
position that the sheath is held fixed ; v^ the velocity of light in 
pure undisturbed ether ; v, the velocity of light of period t in the 
sodium-vapor. 

3. For sodium-vapor, according to the measurements of Row- 
land and Bell,' published in 1887 and 1888 (probably the most 
accurate hitherto made) , the periods of light corresponding to 
the exceedingly fine dark lines D,, D, of the solar spectrum are 
.589618 and .589022 of a michron." The mean of these is so 
nearly one thousand times their difference that we may take 

K = i(K + K,)fi ?^V ^,= i(^ + ^,)(i+-J^). (2) 

2^ ^\ 2000/ 2^ '\ 2000/ ^ ' 

Hence if we put T= -('c+jcJIiH |, (3) 

^ 2 "^V 1000/ ' 

and if x be any numeric not exceeding 4 or 5 or 10, we have 

(f\=i__L_(2,+ i); (!^y=i L-(2*-i); (4) 

\T/ • 1000^ ' \T/ • 1000^ "^ ' 

, T* • 1000 T* • 1000 /^x 

whence — ■ = ; — : — ^ . ( 5 ) 

Using this in ( I ) , and denoting by /a the refractive index from 
ether to an ideal sodium-vapor with only the two disturbing 
atoms tn, tn^ we find 

(V^ , , 1000 »l , 1000 »l, /,v 

4. When the period, and the corresponding value of x accord- 
ing to (3), is such as make /a' negative, the light cannot enter 
the sodium-vapor. When the period is such as to make /a' real, 
the proportion (according to Fresnel, and according to the most 

'Rowland, PhU. iVa^., (5) 23, 265-282. 1887; Bell, Phil, -^a^., (5j 25, 350- 
372, 1888. 

*" Michron " is the name which I have given to a special unit of time such that 
the velocity of light is one mikrom of space per michron of time, the mikrom being 
one millionth of a meter. The best determinations of the velocity of light in undis- 
turbed ether give 300,000 kilometers, or 3 X 10'^ mikroms, per second. This makes 
the michron \ X lO"** of the second. 
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probable dynamics), of normally incident tight which enters the 
vapor is 

5. Judging from the approximate equality in intensity of the 
bright lines D,, D, of incandescent sodium-vapor ; and from the 
approximately equal strengths of the very fine dark lines D,, 
Dg of the solar spectrum; and from the approximately equal 
strengths, or equal breadths, of the dark lines D,, D, observed 
in the analysis of the light of an incandescent metal, or of the 
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electric arc, seen through sodium-vapor of insufficient density to 
give much broadening of either line ; we see that m and w, can- 
not be very different, and we have as yet no experimental knowl- 
edge to show that either is greater than the other. I have 
therefore assumed them equal in the calculations and numerical 
illustrations described below. 

6. At the beginning of the present year I had the great 
pleasure to receive from Professor Henri Becquerel, inclosed with 
a letter of date December 31, 1898, two photographs of anoma- 
lous dispersion by prisms of sodium-vapor,' by which I was 

' A description of Professor Becquerel's experiments and results will be found in 
Cempta Rtndut, December 5, 1S9S, and January 16, 1S99. 
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astonished and delighted to see not merely a beautiful and perfect 
demonstration of the "anomalous dispersion" towards infinity 
on each side of the zero of refractivity, but also an illustration 
of the characteristic nullity of absorption and finite breadth of 
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dark lines, originally shown in Sellmeier's formula' of 1872, and 
now, after twenty-seven years first actually seen. Each photo- 
graph showed dark spaces on the high sides of the D,, D, lines, 
very narrow on one of the photographs; on the other much 
broader, and the one beside the D^ line decidedly broader than 
the one beside the D^ line ; just as it should be according to Sell- 
1. Poes- ■4"'i., I4S. 399. 520, 1872 ; I47. 387, 525. 1872. 
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meier's formula, according to which also the density of the vapor 
in the prism must have been greater in the latter case than in 
the former. Guessing from the ratio of the breadths of the dark 
bands to the space between their D,, Dg borders, and from 
a slightly greater breadth of the one beside Dj, I judged that 
fn must in this case have been not very different from .0002 ; 
and I calculated accordingly from (6), the accompanying graph- 
ical representation showing the value of i , represented by^ 

in Fig. I. Fig. 2 represents similarly the value of 1 for w 

^=.001, or density of vapor five times that in the case represented 
liy Fig, I. Figs. 3 and 4 represent the ratio 
of intensities of transmitted to normally 
incident light for the densities correspond- 
ing to Figs. I and 2 ; and Fig. 5 represents 
"the ratio for the density corresponding to 
the value nt — .003. The following table - 
^ives the breadths of the dark bands 
vlensities of vapor corresponding to values ; 
«f m from .0002 to fifteen times that value ; 
and Fig. 6 represents graphically the breadths of the dark bands 
and their positions relatively to the bright lines D,, D, for the 
:£rst five values of m in the table. 
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7. According to Sellmeier's formula the light transmitted 
through a layer of sodium-vapor (or any transparent substance 
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to which the formula is applicable) is the same whatever be the 
thickness of the layer (provided of course that the thickness is 
at least several wave-lengths, and that the ordinary theory of the 
transmission of light through thin plates is taken into account 
when necessary). Thus the D^, D, lines of the spectrum of 
solar light, which has traveled from the source through a hun- 
dred kilometers of sodium-vapor in the Sun's atmosphere, must 
be identical in breadth and penumbras with those seen in a lab- 
oratory experiment in the spectrum of light transmitted through 
half a centimeter or a few centimeters of sodium-vapor, of the 
same density as the densest part of the sodium-vapor in the por- 
tion of the solar atmosphere traversed by the light analyzed in 
any particular observation. The question of temperature cannot 
occur except in so far as the density of the vapor, and the clus- 
tering in groups of atoms, or non-clustering (mist or vapor of 
sodium), are concerned. 

8. A grand inference from the experimental foundation of 
Stokes and Kirchhoff's original idea is that the periods of molec- 
ular vibration are the same to an exceedingly minute degree of 
accuracy through the great differences of range.of vibration pre- 
sented in the radiant molecules of an electric spark, electric arc, 
or. flame, and in the molecules of a comparatively cool vapor or 
gas giving dark lines in the spectrum of light transmitted 
through it. 

9. It is much to be desired that laboratory experiments be 
made, notwithstanding their extreme difficulty, to determine the 
density and pressure of sodium-vapor through a wide range of 
temperature, and the relation between density, pressure, and 
temperature of gaseous sodium. 



THE PRESENT STATUS OF KIRCHHOFPS LAW.' 

By A. Cotton. 

Kirchhoff's memoir* "On the Ratio between the Emissive 
and Absorptive Powers of Bodies for Heat and Light," appeared 
in 1859. Kirchhoff had then just made his experiments on 
the reversal of lines, which resulted in the explanation of the 
dark lines of the solar spectrum. 

However, in this memoir these brilliant discoveries occupy 
little space. Kirchhoff presented them simply as an application 
of a general law establishing a relation between the absorption 
and the emission of a given radiation. A relation between the 
absorption and the emission of what is still called ''radiant 
heat" had long been known, and De la Provostaye and Desains 
had verified it with great care. Kirchhoff reduced this relation 
to more definite form, showed that it must be true for each radia- 
tion considered by itself, and, adding a few words to the old 
statement, formulated an entirely new law.3 At a given temper- 
ature the ratio between the emissive power and the absorptive 
power suitably defined, and corresponding to a given radiation^ is 
the same for all bodies. 

Since the appearance of Kirchhoff's memoir there have been 
numerous investigations on radiant heat and light. Thanks to 
the improvements of experimental methods, we are better 
acquainted at the present time with these thermal radiations, in 
the midst of which we live. Formerly the only means of study- 
ing the composition of thermal beams was by studying their 
absorption by screens (the same method which, in lack of a bet- 
ter one, is now used for the recently discovered rays). 

At the present time the direct study of infra-red spectra has 
become much more simple. We can no longer give without expla- 

* Translated from Revue Ginirale des Sciences ^ February 15, 1899. 

* Poggendorf*s Annaleftf 1 859. 

3 Here, as well as in the case of the reversal of lines, Kirchhoff had been antici- 
pated. But the statement of the law had not yet been formulated with precision. 
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fiatiofi, as an experimental proof of Kirchhoff's law, the results 
of measurements of " radiant heat.** 

Further, the question of the origin of light, important even 
from a practical point of view, as it is related to the solution of 
the problem of economical illumination, has occupied the atten- 
tion of many physicists. The phenomena of fluorescence, phos- 
phorescence, etc., appear more and more important; under the 
name of luminescence (E. Wiedemann) , are included the very 
numerous cases in which the nature and the intensity of the radia- 
tions emitted by a body are not determined by the temperature 
alone. Is the law of Kirchhoff general, and does it apply to all 
these cases ? Or is it, on the contrary, insufficient to account for 
the phenomena of luminescence, and may these phenomena be 
thus distinguished ? 

This question and many others related to this subject have 
been the object of numerous researches, some of which are 
recent. Profiting by these investigations, I shall examine in a 
more general manner the present status of Kirchhoff's law. 

Two distinct relations are almost invariably confused. This 
confusion, while permissible in Kirchhoff's time, is no longer so. 

I shall study at the outset the qtialitative nile which connects 
the absorption and emission for a given body^ and consider how 
this rule should be expressed. The only conclusion that can be 
drawn from it is that if a body emits certain radiations, it absorbs 
them when they come to it from without. The phenomena of 
the reversal of spectral lines may be regarded as special cases of 
this very general rule. 

I shall finally examine Kirchhoff's law, properly so-called. This 
law establishes a relation between different bodies, and com- 

pletely defines the ratio - between the emissive power and the 

absorptive power (suitably defined) : this ratio is a known func- 
tion of the temperature and of the wave-length, a function which 
is the same for all bodies. 

This law, as we shall see, is not applicable to the phenomena 
of luminescence, although the qualitative rule includes more facts. 
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Thus, yellow flames, colored by sodium salts, with which the 
characteristic experiment of the reversal of the D line is made, 
obey the qualitative rule, but not Kirchhoff's law, properly 
so-called (Paschen). 

I. QUALITATIVE RULE. 

This relation is sometimes incorrectly defined thus : '* A body 
absorbs radiations of the same period as those which it emits." 

This definition might lead one to suppose that a body absorbs 
only the radiations which it emits, which is not the case. On the 
contrary, a body almost invariably absorbs in addition other 
radiations which it does not emit at all. 

Consider the objects which surround us. Almost all of them 
appear to us to be colored, — that is, they absorb certain rays of 
the visible spectrum. If suitable thicknesses of these bodies are 
used, characteristic absorption spectra may be observed in many 
of them, often containing narrow bands or even absorption lines. 
These same bodies have at ordinary temperatures emission spec- 
tra differing among themselves, regarding which we still know 
nothing in the immense majority of cases, but which are limited 
to the infra-red region. These spectra have no known relation- 
ship with the absorption spectra observed in the visible region 
and in the ultra-violet. 

In certain cases the absorption spectra correspond to the 
emission spectra which are observed, for example, when the tem- 
perature is raised ; we shall soon note many examples. Shall 
we therefore say : A body absorbs all radiations which it is capa- 
ble of emitting, understanding by these words the radiations which 
the body would emit if it were brought to incandescence, or more 
generally, if it became luminous ? This generalization would 
imply an hypothesis which the facts at present known do not suf- 
ficiently justify. 

In the statement of the rule I shall therefore specify that it 
applies only to radiations actually emitted, and shall formulate it 
(provisionally) in the following manner : 

Oft/u radiations absorbed by a body the fnost important are all those 



240 A, COTTON 

which correspond in period with the radiations emitted by the body at 
the same temperature and under the same conditions. 

Let us see if the rule thus restricted is verified by experi- 
ment ; in other words, if an appreciable absorption has always 
been detected for the radiations comprised in the emission spec- 
trum observed under the same conditions. 

II. VERIFICATION OF THE QUALITATIVE RULE. 

I . Lifie spectra. Reversal of Lines, 

So far as line spectra are concerned, the experiments made 
by M. Gouy in the course of his investigations on col- 
ored flames conform directly to the proposed question. M. 
Gouy has in fact sought to determine whether these flames 
are transparent to the rays which they emit. His very sim- 
ple method consists in doubling the thickness of the flame and 
measuring the brightness of the line by the aid of his spec- 
tral photometer. If the brightness is not doubled it is because 
of the fact that the emission is accompanied by appreciable 
absorption. 

This is exactly what M. Gouy has found for all the lines which 
he has studied. As soon as the line has attained a certain bright- 
ness absorption manifests itself ; it is, moreover, limited to the 
radiations comprised within the line. 

In these experiments M. Gouy has examined and indicated a 
means of avoiding a source of error, the importance of which will 
be seen later, which is due to a lack of homogeneity of the (lames 
employed. We shall shortly see that these flames are sur- 
rounded by a cooler absorbing envelope, which may appreciably 
modify the intensity of a ray which passes through it. For this 
reason these experiments may be considered, from the standpoint 
of the question with which we are concerned, as quite conclusive ; 
the very parts of the flame which emit the light are those whose 
absorption has been studied. 

May we conclude from this that there is a general rule appli- 
cable to all kinds of light ? The great collection of facts con- 
nected with the reversal of lines immediately comes to mind. 
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The experiments of Foucault, of Kirchhoff, of Fizeau, of Cornu, 
etc., the numberless dark lines observed in the spectra of the Sun 
and the stars, seem to furnish a reply to the question thus pro- 
posed. But let us examine the matter a little more closely. It is 
necessary, as is well known, to distinguish two kinds of line 
reversals. 

I. Reversal^ properly so-called, may be observed by placing a 
flame giving a bright line in the path of a beam of white light 
giving a continuous spectrum. Under these conditions the line 
may appear reversed, i. e,, dark on a bright ground ; and, if the 
experiment is well conducted, it may even appear as a black line, 
as though the light had actually been extinguished. It is of 
course understood that this is only an illusion due to an effect 
of contrast. The line is simply less bright than the neighboring 
regions. It appears black just as Sun-spots do, though their 
brightness is nevertheless about one tenth that of the surround- 
ing regions, and thousands of times greater than that of the sur- 
face of the full Moon. 

It will be seen without difficulty that if the qualitative rule 
stated above is exact, one should be able, by using a sufficiently 
thick flame, a sufficiently intense continuous spectrum (and a 
spectroscope of sufficient resolving power) , to reverse all the lines 
in this way. When the thickness is increased, the beam is more 
and more weakened by its passage through the flame, according to 
the well-known exponential law. As for the brightness of the 
line produced by the flame itself, this approaches a fijiite limit 
when the thickness increases.* The line may thus always be ren- 
dered darker than the neighboring parts of the continuous spec- 
trum, and will appear reversed if the dispersion is sufficient. 

It is, in fact, possible, as is well known, to reverse the yellow 

'Let ty a, be the emissive and absorptive powers, corresponding to unit thick- 
ness and to one of the radiations comprised within the line. If the total emissive 
power of a layer of thickness z is calculated, it is found that this emissive power 

approaches the limit — when z increases. Thus the qualitative rule comes to this : 

The ratio — is finite. 
a 
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line of sodium ; if certain precautions are taken* the result is 
very definite and striking. The same experiment was made by 
Kirchhoff himself, with certain lines of other alkaline or alkaline- 
earth metals.' In every case both the original bright line and the 
same line reversed are well seen. Finally, this is also the case 
with some of the Fraunhofer solar lines : those which correspond 
to the bright lines emitted by the solar atmosphere and observed 
by Young at the total eclipse of 1870; more particularly those 
^hich are now employed in daily observations of the promi- 
nences. 

2. Spontaneous reversal consists, as is well known, in the 
appearance of a dark line on the widened bright line observed 
directly. First noticed by Fizeau in the sodium flame burning 
in air, this spontaneous reversal has acquired considerable impor- 
tance since the investigations of M. Cornu,^ who has succeeded 
in producing it in a great number of metallic lines in the arc 
or in the spark. 

In the case of sodium this partial reversal is certainly pro- 
duced by the cooler external envelope surrounding the flame. 
M. Gouy* has shown, in fact, that by doing away with this cooler 
layer the reversal is stopped. Although this cooler layer usually 
does not emit perceptible light, it nevertheless gives very distinct 
absorption lines. There is every reason to believe that the same 
thing is true for all spontaneously reversible lines : the vapors 
producing these lines are thus bodies which absorb at low tem- 
peratures the radiations which they emit under different condi- 
tions. These lines, therefore, are of great interest, since they 
render evident the existence of characteristic periods^ the theoret- 
ical importance of which is considerable. But they do not fur- 
nish as convincing a reply to the very limited question which we 
are studying at the present time, and in which we are endeavor- 

* In connection with this point reference may by made to an article published in 
L Eclairage AUctrique^ I4, 405 and 540, 1898. 

"Kirchhoff, Ann. Chim, et Phys. (3), 68, 5. 

3C0RNU, C. K,y 83, 332, 1871, and 100, 1181, 1885. 

* GouY, loc, cit., p. 50. 
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ing to compare emission and absorption under the same conditions. 
It is no longer permissible here, as in the experiment of reversal 
properly so-called, to observe successively a bright line and the 
same line reversed. 

Let us nevertheless assume that the vapors producing these 
spontaneous reversals continue to absorb when they are them- 
selves emitting light ; we shall then have a great number of 
lines for which the rule is valid. But if the list of substances to 
which these lines apply is examined, it is found that these bodies 
are all metals (or hydrogen), while up to the present time, so far 
as I am aware, no one has observed the reversal of a single line 
of a metalloid. This point is an important one. It is not safe to 
conclude, from the absence of dark lines in the spectrum of the 
Sun or a star, that the corresponding element is absent. It is 
first necessary to know whether the reversal of these lines is 
possible. 

2. Band Spectra, 

Does a body giving a spectrum of bands absorb the radia- 
tions comprised within these bands ? 

When such lines as those of sodium broaden and become 
diffuse, so as to resemble true bands, the absorption lines are 
also seen to broaden and become diffuse, in the same manner. 
Is it possible in the same way to reverse band spectra properly 
so-called ? 

A case in which this reversal is very distinct is that of the 
bands observed in the infra-red, and due to water vapor and 
carbon dioxide. Several investigators, Messrs. Paschen, and later 
Rubens and Aschkinass, have studied the absorption and the 
emission of these two bodies, carrying the examination down to 
radiations of very great wave-length. They have found that the 
numerous emission bands of water vapor, and the three bands of 
carbon dioxide observed by heating the gases directly or by 
studying the emission of the Bunsen flame, correspond well with 
very distinct absorption bands. In some cases these are so 
marked that the minute quantities of the gases which are always 
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present in the atmosphere of the laboratory, are sufficient to dis- 
tinctly modify certain features of all observed spectra. 

In courses dealing with the subject, two other cases are gen- 
erally cited : that of erbium oxide and that of iodine vapor. 
Incandescent erbium oxide gives a band spectrum (Bahr and 
Bunsen); these bands coincide with the absorption bands which 
solid and dissolved erbium salts exhibit at ordinary temperatures. 
In the same way the absorption spectrum of iodine vapor is, in 
some measure, a negative copy of one of the emission spectra of 
iodine, a fluted spectrum obtained with a Geissler tube. 

In the two cases the emission and absorption are not studied 
at the same temperature and under the same conditions. Recent 
investigations make possible the following comparison for iodine 
vapor. Iodine vapor heated to redness in a tube becomes lumi- 
nous ; it gives a spectrum which seems at first sight to be contin- 
uous (it is thus described by Salet and Evershed), but which, 
when studied more closely, appears to be formed of diffuse 
bands.' 

By the use of vapors of low density M. Konen," who has 
recently published a monograph on the spectra of iodine, has, in 
fact, observed in this spectrum flutings complementary to those 
of the absorption spectra observed at the same temperature. 

Iodine vapor is therefore an example of the bodies for which 
the rule seems to be verified. Nevertheless, it is not yet per- 
missible to affirm its generality. Contrary to all that precedes, 
certain colored flames giving emission bands seem to be wholly 
transparent to the radiations which they emit. This was in fact 
pointed out by M. Gouy for several bands of calcium, strontium, 

* The rule connecting absorption and emission shows that if the quantity of vapor 
increases the emission bands (and lines) should broaden more and more, and that the 
spectrum should tend to appear like a continuous spectrum. The result of Salet and 
Evershed is explained in this way. 

It should not be forgotten, however, that the particular appearance of absorption 
spectra depends upon the source producing the continuous spectrum which is employed 
in studying them ; and that a very intense source causes bands to appear narrow and 
renders them sharper. 

• KoNEN, Wied. Ann,f 65, 256, 1898. 
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barium, copper, and carbon. Within the limits of precision of 
the photometric method, the brightness of these bands doubles 
with the thickness of the flame. 

3. Case of Fluorescent Bodies, 

On the other hand, certain fluorescent bodied obey the rule, 
which states that a body absorbs the same radiations that it 
emits, under the conditions in which it exists. Readers of the Revue 
Ginh'ole des Sciences have not forgotten the result of Mr. Burke's 
investigations,* which M. Guillaume has discussed with special 
reference to its interest from the standpoint of Kirchhoff 's law. 
The radiations emitted by fluorescent uranium glass are absorbed 
much more strongly by this substance when it is fluorescent than 
when it is not. 

The qualitative rtde thus applies to uranium glass. Does it 
apply to all fluorescent bodies, or more generally to all lumines- 
cent bodies ? Further experiments are necessary to determine 
this, and for many reasons Mr. Burke's very important investi- 
gations deserve to be continued and extended. 

Summing up all the facts which have just been stated, we see 
that the rule connecting absorption and emission for the same 
body applies in a great number of cases, particularly to lumines- 
cent bodies, which, as will be seen later, are not governed by 
Kirchhoff's law properly so-called. But it is not certain that 
even this qualitative rule will apply in all instances ; further 
investigations are necessary. 

HI. THE EFFECT OF POLARIZATION. 

The statement of the rule hitherto adopted is not yet entirely 
correct ; as we shall see, it is necessary to define it more exactly 
in the following manner : 

If a body emits i?i a given direction a beam propagating certain 
vibrations, defined by their period and their state of polarization, it 
is capable of absorbing a beam propagating the same vibrations in 
the opposite direction, 

* Burke, Proc, Roy, A?r., June 17, 1897; Guillaume, Revue Ght. des Set,, 8, 932, 
1897. 
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Observation of the Zeeman effect with reversed lines* clearly 
shows the necessity of limiting the statement in this way. 

Suppose, for example, that the flame of a burner colored by 
a sodium salt is placed in a magnetic field ; the lines are changed 
in appearance.. Take, for example, the line D^, and suppose 
that it is observed in the. direction of the lines of force of the 
field. As soon as the current is established in the electro-mag- 
net the original line disappears, and two new lines. A, B, replace 
it, one to the right, the other to the left of the original line. 
These lines are circularly polarized, in opposite directions : the 
more refrangible one. A, according to the rule of MM. Cornu 
and Koenig, is formed by vibrations corresponding in direction 
with the magnetizing current. 

Let us now suppose that we cause a beam giving a very 
intense continuous spectrum to pass through the electro-magnet 
and the flame which it contains. When the field is cut off the 
line Dg appears like a very prominent dark line. As soon as 
the field is established it is seen to widen, become grayish, and 
apparently to disappear. If a circular polarizer is placed in the 
path of the rays (in front of or behind the electro-magnet), or 
even if the observation is made through a circular analyzer, a 
single dark line is very clearly seen to reappear, which now 
occupies the place of one of the lines of the doublet observed 
before. If the direction of the circular polarizer is changed, the 
dark line is seen to take the place of the other bright line. If 
the field of observation is divided into two parts polarized in oppo- 
site directions, there is seen in each of these parts the line corre- 
sponding to its particular state of polarization, and only this line. 

The flame in the magnetic field thus absorbs the light of the 
two lines A, B, but it absorbs in A only the circular vibrations 
having the direction of the current ; in B only the vibrations of 
opposite direction. It is thus evident why the reversed doublet 
cannot be clearly seen without polarization apparatus, since the 
flame then affects only half of the incident light. 

* Koenig, IVt'fc/. Ann., 62, 240, 1897. See the article " Radiations dans un champ 
magn^tique," LEclairage £Uctrique, 14, 540, 1898. 
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A similar statement may be made regarding observations 
perpendicular to the lines of force. In this direction the flame 
emits three lines corresponding to Dg ; it absorbs all three of 
them ; but these lines are polarized ; for each of them it absorbs 
only the vibrations corresponding to the state of polarization of 
the emitted light. In this instance the light is plane polarized, 
and a Nicol suffices for distinct observation of the new reversed 
lines. The necessity of introducing the above correction into 
the statement of the relation between absorption and emission is 
thus evident. 

M. Koenig,who was the first to make these observations, has 
remarked on their interest from the point of view of Kirchhoff's 
law: **This is the first known instance,'* says he, **of bodies 
possessing a certain anisotropic, which is manifested both in 
their emission and absorption, in harmony with Kirchhoff's 
principle.*' 

But Kirchhoff himself had, in fact, already made a very 
interesting observation bearing on the subject. As is well 
known, a tourmaline plate cut parallel to the axis partially 
polarizes a beam which passes through it. It retains this prop- 
erty, though in less degree, when it is heated to faint redness in 
the flame of a Bunsen burner. Now the light which it emits 
lander these conditions is also partially polarized, the vibrations 
emitted with the greatest intensity being those which are most 
absorbed (Kirchhoff, loc, cit,, p. 186). 

We shall see elsewhere in connection with Kirchhoff's law, 
properly so called, that other experiments also show the neces- 
sity of taking account of the direction of the vibrations in the 
definition of the absorptive and emissive powers. 

IV. RESEMBLANCE TO RESONANCE PHENOMENA. 

I cannot consider here how the qualitative rule connecting 
emission and absorption is to be accounted for on theoretical 
grounds. A reference to this subject, nevertheless, seems to be 
necessary. 

In order to explain the existence of such a relation (partic- 
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ularly in the case of line spectra) it is customary to refer to the 
resonance phenomena studied in acoustics. The material par- 
ticles are compared to vibrating systems having a definite 
period, and it is assumed that they are set in vibration in the 
manner of a resonator, by an incident wave having this period. 
It is recalled that a stretched cord vibrates when a cord giving 
the same note is bowed in the neighborhood. 

There is undoubtedly a considerable element of truth in this 
comparison ; it is evident that by imagining either entire mole- 
cules ox parts of these molecules as capable of vibrating with char- 
acteristic periods, it is possible to explain emission and the 
qualities which characterize it. 

But is absorption as easily understood ? A resonator set in 
action by a sound-wave in general restores the energy which it 
receives in the form of vibratory energy of the same period. 
Is it necessary to recall the fact that in the experiments of 
Helmholtz on pitch the fundamental note of the resonator was 
heard with exceptional intensity ? A ray of light, on the con- 
trary, seems to disappear when it is absorbed, and certainly is 
not simply diffused in all directions by the absorbing medium. 

What then becomes of the energy borne by the ray ? I can- 
not examine here the various transformations it may undergo, 
which may, in fact, be predicted from theory. I desire only 
from the teacher's standpoint to call attention to a fact which 
must not be overlooked : the resemblaTice which is here estab- 
lished between the phenomena of optics and those of acoustics 
is not sufficient ; it constitutes an explafiation only when supple- 
mented by indispensable additions. 

V. KIRCHHOFF*S LAW, PROPERLY SO-CALLED. 

We have seen that the ratio - of the emissive and absorptive 

powers of a body, for vibrations defined by their period and 
their state of polarization, always has a finite value (which may 

be zero) . 

Kirchhoff's law, properly so-called, further states that this 
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ratio has the same value (which I shall designate by ^o) for ^11 
bodies at the same temperature. This quantity e^ is thus a func- 
tion of the temperature and the wave-length, the same function 
for all bodies. Let us now undertake to examine this law. 

Let us remark in the first place, as M. Guillaume* has done, 
that this law does not apply to the phenomena of fluorescence. 
Uranium glass, for example, when exposed to very refrangible 
rays, emits visible radiations without sensible change of tem- 
perature ; consider one of these radiations : the ratio - is not 
^ a 

zero. At the same temperature there are bodies which absorb 
this same radiation without emitting it ; for one of these bodies 

the ratio - is zero, equality is impossible. Kirchhoff's law, 

therefore, does not apply to fluorescent bodies, as compared with 
ordinary colored media. 

It has been seen, however, that fluorescent bodies obey the 
qualitative rule connecting absorption and emission (Mr. Burke's 

experiments on uranium glass). The ratio - is finite, but it is 

not equal to e^ ; it no longer depends on the tempei:ature and 
the wave-length alone. 

Henceforth I shall consider that this remark can be general- 
ized. Kirchhoff's law does not seem to apply to the phenomena 
of luminescence^ i, e,, to cases where the emission of a given 
body does not depend upon the temperature alone. This is 
the case, for example, for colored flames, the brightness of 
which depends upon chemical reactions which take place within 

them. For these flames also the ratio - is finite (reversal of 

lines), but it is not equal to Cq. 

German physicists speak freely of an imaginary tempera- 
ture called the temperature of luminescence (Wiedemann), which 
is attributed to luminescent bodies. According to this hypothe- 
sis luminescent bodies should also obey Kirchhoff's law, as well 

' GuiLLAUME, *' L*absorption de la lumi^re dans les corps fluorescents," in the Rev. 
Gin,des ScL, December 15, 1897. 
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as the axiom of Clausius, etc. This temperature would be 
that of a ** black" body whose emission Cq would be exactly -. 

But would the temperature thus calculated be t/te same far all 
the radiations emitted f Of this we are quite ignorant. Hitherto 

no one has endeavored to determine how the ratio - varies with 

a 

the wave-length in the case of the given luminescent body. 

There are reasons to believe that this ratio has nearly equal 

values for similar radiations, and that it is a continuous function 

of the wave-length ; but this is all that can be said at present, 

I shall therefore not speak of the temperature of lumi- 
nescence, and, as Kirchhoff himself has done, I shall limit the 
application of the law to cases where the emission (of visible or 
invisible rays) is determined by the temperature alone ; in a 
word, to phenomena of ificandescence. In spite of this restriction 
it will be seen that the law is still of considerable importance. 

In order to avoid serious error I shall recall at the outset, in 
accordance with the ideas of Kirchhoff, the precise definitions of 
emissive and absorptive power. I shall suppose at first that no 
account is taken of polarization phenomena ; later I will return 
to this point. 

I . Emissive Power e. 

Consider a body C (Fig. i) isolated in the midst of a great 
enclosure which neither sends to it nor 
returns to it radiations of any kind (a 
*' black" enclosure at an extremely low 
temperature) . Imagine a cylinder X meet- 
ing the body C, cutting from it an element 
of the surface <r. (The right section of 
the cylinder will have determinate but very 
small dimensions, which are much greater 
than the wave-length.) 

The emissive power of the body C for ^'°* '' 

the radiation \ is the total intensity of the rays of wave-length 
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\, which, starting from the body, are contained within the 
cylinder. 

The number measuring this emissive power depends upon the 
unit of intensity adopted,' and upon the selection of the narrow 
radiation interval comprising the radiation \, employed in the 
measurements. The emissive power also depends upon the 
cylinder X^ the nature and form of the body, the condition of 
the surfaces — in a word, upon the entire body C, and not upon 
<r alone. It also depends upon the supposedly transparent 
medium which envelops the cylinder (S. de Smolan). 

2. Absorptive Power a. 

Suppose that unpolarized rays of the same wave-length X 
move in a direction exactly opposite to that of the above 
rays, and strike the body C Let us measure the intensity of 
the incident rays comprised within the cylinder, and then the 
intensity of what remains of these rays after they have encoun- 
tered the body, /. e.y the intensity of the rays transmitted, 
reflected, or diffused by the body." The difference represents 
the intensity of the absorbed rays ; the ratio between the 
intensity of the absorbed rays and that of the incident rays is 
called the absorptive power a. 

The number measuring this absorptive power for the radia- 
tion X does not depend upon the unit of intensity chosen ; it 
evidently cannot exceed unity. It may be very small, even when 
the body is quite opaque, since it depends upon the reflecting 
power. Like the emissive power, it depends upon X, upon the 
whole body C, etc. 

How can we measure practically the two preceding quanti- 
ties ? In order to limit the beams we may imagine two dia- 
phragms D^yD^, at a considerable distance apart, which will 
allow the passage of only the approximately parallel rays con- 

* It is of advantage to express it in units of energy. See Guillaume, Hev. Gen. 
des Sci., 3, 12 and 93, 1892. 

•It is of course understood that the rays emitted by the body itself are not here 
included. 
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tained within X. We shall neglect the diffraction at the edges 
of the openings, and suppose that these screens neither send out 
nor return radiations of any kind. The beam will be allowed to 
fall upon a measuring instrument, which must satisfy the same 
conditions ; unless this is the case corrections will be necessary. 
It is immediately evident that the measurement of the absorp- 
tive power is more difficult, since it is necessary to measure the 
intensity of the transmitted, reflected, and diffused rays. In 
order to simplify the matter, I shall suppose that the body has 
the form of a plate, with plane parallel faces, and that these 
faces are highly polished and reflect perfectly. The reflected 
and transmitted rays are thus confined to limited beams ; it then 
becomes easily possible to measure the intensity of the incident 
beam, and next that of the reflected and transmitted beams. If 
the plate is opaque but highly reflecting, the absorptive power is 
equal to i — r, r being the reflecting power. If we may neglect 
reflection at the faces of the plate, the absorptive power follows 
immediately from the measurement of the transmitted beam. 

3. Perfectly Absorptive Body, 

Finally, if the plate has a negligible reflecting power, and is 
sufficiently thick to permit no light to pass, the absorptive power 
is equal to unity. I shall call such a body perfectly absorptive 
for the radiation considered. 

4. Perfectly Black Body, 

A ** perfectly black" body would be a body whose absorptive 
power is equal to unity for all radiations. 

Do bodies exist which satisfy this condition ? The question 
is a very important one, from several points of view. It particu- 
larly deserves to be examined carefully in connection with the 
study of the distribution of energy in spectra. I cannot consider 
it at the present time, but limit myself to the statement that 
arrangements have been devised which, in spite of the specific 
properties of the substance employed, closely represent perfectly 
black bodies. 
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For the study with which we are now occupied it is not 
necessary to possess perfectly black bodies, **/. e., ** black" for 
the whole extent of the spectrum ; it is sufficient if there are 
bodies which absorb perfectly all the radiations which are being 
studied. 

VI. CONSEQUENCES OF KIRCHHOFF's LAW. 

Kirchhoff's law teaches us that the ratio - of the two quan- 

a 

tities just defined remains the same when the body C is replaced 
by any other body at the same temperature. The constant 
value of this ratio is equal to the emissive power e^ of a per- 
fectly absorptive body. 

The following consequences may be at once deduced from 
this law : 

I. Suppose that the body C is simply rotated, without being 

replaced by another body ; the ratio - does not change. Thus 

we are able to deduce at once, in the special case of opaque 

bodies, laws defining the change of 

emission with the incidence. Let us 

suppose that the body, which is 

sufficiently thick to permit none of 

the radiations considered to pass, is 

bounded by a plane surface, and that 

without disturbing the diaphragms 

which limit the beam, this surface is 

more or less inclined (Fig. 2); the 

ratio - must remain constant. The Fig. 2. 

a 

area cut out of the surface by the cylinder X^ which limits the 

beams, varies (in the inverse ratio of the cosine of the angle of 

incidence) so that the emissive power applies to changing 

surfaces. 

If the body is perfectly absorptive, a = i^ e remains constant, 

and the emissive power /rr u?iit of surface varies as the cosine of 

the angle of incidence ; in other words, Lamberts law is applicable 
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to perfectly absorptive bodies. (Leslie found this true for lamp- 
black.) 

If the body is opaque, but diffuses the light or reflects it 
regularly, the absorptive power is i— r, r being the reflecting or 
diffusing power. The emissive powers of the two surfaces <r, <r', 
will be connected by the relation : 

e e' r \ 

— = y (0 

I — r I — r ^ '^ 

Lambert's law will thus be applicable only if r=r' ^ i, e,, if 
the body has a perfectly mat surface, if it diffuses equally, what- 
ever be the incidence. (Moller's experiments have shown that 
this is really the case.) 

Finally, if the body is polished and highly reflecting, the 
reflecting power changing with the incidence, formula ( i ) then 
indicates how the emission varies with the incidence. Uljanin,* 
to whom we owe a recent investigation upon this subject, has 
shown that this formula well represents the experimental results, 
for example, those obtained with highly polished platinum.' 

It is seen that Kirchhoff's law, co7ifi?ied to the case of a single 
body, permits the deduction of the laws of oblique emissiofi. All the 
peculiarities of the emission of opaque bodies are known in 
advance when the surface reflection has been studied. 

Let us pass to other consequences of Kirchhoff' s law, this 
time comparing different bodies. 

2. Let us compare two bodies which are perfectly absorptive 
for the same wave-length X at the same temperature. They 
have the same emissive power, e^, for this wave-length. Two per- 
fectly ** black" bodies give emission spectra which are absolutely 
identical at all temperatures. 

We are acquiring a clear conception of the emissive power e^ 
of a black body as a function of the temperature and of the wave- 

* Uljamn, IVied. Ann,, 62, 528, 1897. 

' The experiments which have just been cited were not made with monochromatic 
light, but it will be seen later that Kirchhoff's law may be extended to include the 
case of complex beams. Formula (i) is rigorously exact for every radiation and for 
every class of vibration considered independently. 
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length. The laws which have been derived (Lummer and Prings- 
heim, Paschen, Wien, etc.), are simple, as Kirchhoff foresaw. I 
shall not consider them here. 

This value, e^, which represents the emissive power of a per- 
fectly absorptive body for wave-length \, is the maximum value 
which can be attained by the emissive power e of any body what- 
soever at the same temperature. We have, in fact, e^ae^, and 
a is less than unity if the body is not perfectly absorptive. 

The following statement evidently applies to any group of 
radiations : the total emissive power cannot exceed the emissive 
power of a body which completely absorbs all radiations. We 
shall shortly encounter an application of this statement. 

3. Let us consider the entire group of radiations emitted by 
a ** black " body at a given temperature. No body whatsoever, 
at the same temperature, can absorb any one of these radiations 
without simultaneously emitting it, and the intensity of the emis- 
sion increases with the amount of absorption. 

It is evident that Kirchhoff's law applies much more com- 
pletely and precisely to the relationship between absorption and 
emission than the qualitative rule previously studied. From this 
rule no conclusion regarding the existence of a corresponding 
emission could be drawn from the presence of an appreciable 
absorption. Kirchhoff's law makes it possible to do this, pro- 
vided that the radiation considered be emitted by a black body 
at the same temperature. 

From this it immediately follows that the peculiarities of the 
absorption spectra* of incandescent bodies should reappear in the 
corresponding emissiofi spectra, A colored body which absorbs 
certain visible rays in preference to certain others, and which 
preserves this property at high temperatures, should itself emit 
colored light. We can hardly cite investigations on this subject, 
other than those of Nichols and Snow, on certain oxides which 

■ By the term absorption spectra I mean the curve representing the variations of 
KirchhofiTs absorptive power a, with the wave-length. It is only when the reflecting 
power can be neglected that this curve can be deduced from observation of the trans- 
mitted beam alone. 
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emit colored light when incandescent. But other examples 
might easily be found, I believe, by studying the light emitted 
from colored glasses or fused substances heated to incandescence. 
I have assured myself by certain experiments that these bodies 
emit radiations differing in intensity and composition ; Kirch- 
hoff*s law permits the properties of these emission spectra to be 
deduced from the properties of the absorption spectra. 

What I have just said of light evidently applies to infra-red 
radiations, and the examples which might be cited are much 
more numerous. I shall refer to some of these in connection 
with the measurement of radiant heat, and now confine myself to 
the following remark : Among the radiations emitted by an incan- 
descent ** black" body, infra-red radiations occur. No incan- 
descent body whatsoever can absorb these radiations without 
emitting them ; consequently, in searching for an economical 
illuminant if it is desired to obtain light without heat, by simple incan- 
descence, sources which absorb but slightly in the infra-red should be 
employed. 

In this connection it is very remarkable that magnesia, which 
is used in the oxyhydrogen flame for the production of the 
Drummond light, is at ordinary temperatures exceedingly trans- 
parent for certain heat rays (K. Angstrom). The same thing 
should be true of the mantle of the Auer burner, if, as M. Le 
Chatelier believes, the light from this source is due to simple 
incandescence. It might be investigated directly whether the 
incandescent mantle absorbs but slightly in the infra-red,* and 
whether it obeys Kirchhoff's law. 

VII. HAS kirchhoff's LAW BEEN VERIFIED EXPERIMENTALLY? 

The consequences which we have just deduced from Kirch- 
hoff's law seem to be in accord with the observed facts ; but has 
this law, in the form in which it has been announced, i. e,, for a 
single wave-length, been directly verified in a rigorous manner ? 

* More exactly, that part of the infra-red which is the most intense in the spec- 
trum of a black body. The mantle of the Auer burner (of course with its glass chim- 
ney removed) is particularly rich in the recently studied heat radiations of 50-60^ 
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Let us first examine the experiments made on the discontin- 
uous spectra of gases. From our present point of view, gases 
offer the advantage of having a negligible reflecting power. 
Moreover, it seems natural to examine them first, since they give 
those narrow lines of which the physicist often speaks as though 
they were formed of a siitgle radiation. 

It is known that these lines have in reality a variable width 
and a complex constitution ; this point has been made clear by 
the experiments of M. Gouy, and those of Professor Michelson. 
It is impossible to regard them as formed of a single radiation, 
and it could not even be assumed that if a portion of these lines 
were made to pass through a slit used in place of the eyepiece 
of a spectroscope, the intensity could be considered as uniform 
within this very narrow interval. We thus encounter imme- 
diately the following question : Can Kirchhoff's law be verified 
by means of experiments on complex radiations ? 

This question will be examined later. For the moment let 
us consider how Professor Paschen* has endeavored to deter- 
mine whether Kirchhoff's law is applicable to flames and to 
incandescent gases. 

He has utilized the statement already referred to, according 
to which the emissive power of a body obeying Kirchhoff's law 
can never exceed the emissive power of a body which at the 
same temperature completely absorbs the radiations considered, 

I . Arc Lifies. 

In collaboration with Professor Kayser, Professor Paschen 
has compared by the aid of photography the brightness of an 
ultra-violet region of the continuous spectrum given by the pos- 
itive crater, with the brightness of bands belonging to carbon 
and magnesium, situated in the same region, and given by the 
vapor of the same arc. The brightness of these bands is much 
greater than the brightness of the positive crater, which is never- 
theless at a higher temperature, according to M. Violle's meas- 
ures. If we assume (as Professor Paschen does implicitly) that 

* Paschen, IVUd. Ann,, 51, 41, 1894. 
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the carbon at this temperature is capable of absorbing ultra-violet 
rays (X^^^sSoo), it follows that Kirchhoff's law is wholly insuf- 
ficient. Professor Paschen therefore concludes that these bands 
are produced by a luminescence phenomenon. 

2. Yellow Sodium Lines, 

Professor Paschen measured with the spectrobolometer the 
total intensity of the two D lines given by the flame of a Bunsen 
burner, and then, other things being equal, the corresponding 
intensity of a selected region in the spectrum of a black body, a 
region completely including the two D lines. Assuming an 
excessive value for the width of the sodium lines. Professor 
Paschen then calculated a maximum value of the intensity of the 
part of the spectrum of the black body corresponding to the 
lines. This value is not even half the value found with the 
lines given by the burner. Kirchhoff's law is, therefore, inappli- 
cable, and Professor Paschen concludes that the brightness 
of these lines is due, at least in large part, to a phenomenon of 
luminescence. 

The ** black" body employed was simply a sheet of platinum, 
heated by a current to the temperature (1470°) found for the 
flame. It may be asked whether the platinum is really a per- 
fectly absorptive body under these conditions. Professor Paschen 
has the right to assume from other investigations that its emis- 
sion in this region of the spectrum and at this temperature, is sen- 
sibly as great as that of lampblack, which with certain precau- 
tions can be studied at this high temperature. The question is 
thus reduced to the following: **Is lampblack at this tempera- 
ture a ** black'* body and a perfectly absorptive body?" Pro- 
fessor Paschen considers it possible to affirm, after all of his 
investigations on emission, that it is very nearly so. It should 
not be forgotten, moreover, that an excessive value was calcu- 
lated for the emission of platinum, that the flame was not very 
thick, and that consequently a more precise measurement would 
have accentuated the departure from Kirchhoff's law. 

Wiedemann, using a different method, arrived at the same 
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conclusion. Moreover, the direct investigations of Evershed, 
Pringsheim, etc., clearly show that chemical reactions are neces- 
sary to produce the very bright lines of flames, and that the 
sodium line is less brilliant when the vapor of the metal is 
directly heated, all chemical action being, as far as possible, 
prevented. 

Flames colored by sodium serve well to exhibit the reversal 
experiment in lecture courses on this subject : no experiment 
better demonstrates the necessity of distinguishing Kirchhoff's 
law from the rule connecting the absorption and emission of a 

given body. 

3. Infra-red Band of Carbon Dioxide, 

On the other hand, the emission of heated carbon dioxide 
seems to be due to temperature alone. Professor Paschen has 
studied the very sharp band in the infra-red near A.== 4.3/i, which 
is given by this gas. By heating in a tube a layer of the gas 
7 cm thick, the maximum of the observed band is a little below 
but not far from the curve which represents the emission 
of lampblack under the same conditions. Further, Professor 
Paschen has profited by the fact that this band \% very marked 
in the emission spectrum of the Bunsen flame, in order to test 
the matter at a higher temperature, arranging the experiment 
as in the case of the D lines. It is necessary, however, to take 
into account the fact that platinum in this region is far from 
being perfectly absorptive. This experiment is not susceptible 
of great precision, and Professor Paschen does not hold it to be 
so, but the law seems to be verified ifi the case where the emissioji is 
determined by the temperature alone. 

This is the only attempt which has been made up to the 
present time to verify Kirchhoff's law in the form in which it 
has been stated ; i, e,, for a very narrow region in the spectrum. 
No other trial has hitherto been attempted with luminous or ultra-violet 
radiations. The experiment would nevertheless be possible by 
the use of incandescent solids or liquids, ^nd the remarks which 
follow should facilitate its performance. There are many reasons 
to believe that it would give an affirmative response. 
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VIII. kirchhoff's law extended to a group of radiations. 

It has frequently been stated that Kirchhoff's law has been 
verified by means of experiments on radiant heat. How can 
experiments made on the numerous radiations comprised in 
infra-red spectra apply to this law, which refers to a single wave- 
length. 

Let us see in a general way whether it is possible to extend 
Kirchhoff *s statement to a group of radiatio7is comprised between 
two definite limits. One might be tempted to assume a priori that 
what is true for each radiation must be true for the group. Nev- 
ertheless, this is not the case, and I think it important to insist 
upon a condition which is necessarily imposed, and which it 
would be incorrect to leave out of account. 

The total emissive power E for a complex beam may be at 
once defined as the total energy of the beams corresponding to 
each of the radiations. The total absorptive power A may also 
be defined as the ratio between the absorbed energy and the 
energy of an incident beam. For a single wave-length this ratio 
is perfectly definite, and is entirely independent of the beam 
employed in measuring it, the intensity of which is arbitrary. 
But if it is a question of a group of radiations for which the 
absorptive power of the body under consideration does not 
remain constant, the number obtained for A will depend upon 
the distribution of the energy in the spectrum of the chosen 
beam. It will change with the source employed in the measure- 
ment, since the various emission spectra are not identical, and 

the ratio — will not even have a constant value for a single body. 

The same beam should therefore be selected at the outset 
for the measurement of the absorptive power of all bodies. But 
this is not sufficie?it. If we have two bodies, C, C\ for which 

- = — y , it is not sufficient to take a certain arbitrary beam for 
measuring Ay A' . But it is easily seen that these two ratios are 

* The two ratios are equal if the beam sent out by C is employed in the measure- 
ment of A^ and reciprocally the beam coming from C in the measurement of ^ ' . 
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equal when they are measured by the use of a beam derived from 
a body at the same temperature which perfectly absorbs all the radi- 
ations of the beam.^ 

If this condition is fulfilled the ratio — is the same for all 

A 

bodies and equal to E^, the total emissive power in this region 
of the spectrum, of a ** black" body. Or again, the relative 

emissive power -— , corresponding to a black body, is equal to the 

absorptive power thus defined. 

(I have supposed that use can be made of a measuring instru- 
ment accurately indicating the energy received for all the radia- 
tions studied. It is immediately evident that if this condition is 
not fulfilled the values found must still satisfy the same relation, 
provided of course that the instrument remains the same in all 
the measurements.) 

Let us apply what has just been said to the entire heat spec- 
trum. We thus come again upon the statement of the law 
known since Leslie, but with an indispensable complement. It is 
in this way that the various investigations on radiant heat, con- 
cerning the equality of the relative emissive and absorptive 
powers, may be referred to Kirchhoff's law. 

If these investigations are examined it is found that the con- 
ditions indicated above are not satisfied. Most frequently the 
source used in measuring the absorptive power is at a temperature 
much higher than that of the body under consideration ; this 
source frequently differs widely from a black body ; finally, 
absorption is almost invariably studied at lower temperatures 
than those employed in the investigation of emission. 

' Let e^ be the emissive power of a black body for the radiation X ; we have, 
taking the integrals between the chosen limits, 

E — \ed\=^ I a eod\ 

faeod\ 



jeod\ 

hence — = \ eod\^^Eo 
A J 
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The measures which De la Provostaye and Desains have 
published on this subject, in their valuable collection of investi- 
gations on radiant heat, are the only precise ones which can be 
cited. They refer more particularly to opaque reflecting bodies.' 
The preceding criticisms are hereof no great weight : the reflecting 
powers for the infra-red of the bodies studied (gold, platinum, 
glass, under various angles of incidence), change but little with 
the temperature ; the same thing is true of the absorptive powers. 
Moreover, the sources used in the measurement of these reflect- 
ing powers are at temperatures but slightly higher than those of 
the mirror, and are covered with lampblack. Thus the test could 
be made with a satisfactory result. 

As much cannot be said for the other investigations ; most fre- 
quently they have furnished an ample harvest of interesting 
facts, which certainly tend to support Kirchhoff's law, but which 
cannot be considered to verify it rigorously. 

In this category may be placed those experiments which 
result in the formation of lists of bodies arranged in the order 
of their increasing emissive powers (relative), and then in the 
order of increasing absorptive powers, which turn out to be 
almost identical. It is doubtless interesting to note that polished 
metals, for example, which are highly reflecting, and which have 
a low absorptive power, also have a low emissive power ; but it is 
unnecessary to give the lists prepared on this subject; the order 
of the substances, classed according to their increasing absorp- 
tive powers, varies, in fact, with the nature of the source. I shall 
nevertheless mention TyndalTs experiments, because his very 
important results are less widely known and are instructive in 
other ways : gases have emissive and absorptive powers in the 
infra-red which are nearly proportional ; these powers are very 
different for different gases ; gases formed of coarse ** molecules * 
give far higher values than simple gases. 

Ethylene, for example, absorbs much more strongly than 
atmospheric air ; it also emits more strongly, and the emission 

* Other less direct tests have been made for rock salt and for a diffusive body, 
lead borate. 
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of a polished plate of metal can be considerably increased by 
coating it with a film of this gas. In the same way nitrogen and 
hydrogen show a hardly perceptible absorption ; combined in 
the form of ammoniacal gas their absorption or emission becomes 
considerable. I cannot do better than refer to the numerous 
experiments on this subject given in Tyndall's work {^Heai)\ 
many important facts will be found there which support Kirch- 
hoff's law, particularly the experiments showing that those gases 
which emit discontinuous spectra have marked absorptive powers 
when the source gives out radiations which exactly cort:espond 
to them. 

IX. KlRCHHOFF*S LAW AND POLARIZATION BY EMISSION. 

Up to the present no account has been taken of polarization 
pjienomena. If these phenomena are taken into consideration, as 
was done by Kirchhoff himself, the statement of the law can be 
made still more precise and other experimental facts can be 
referred to it. 

Let us suppose that in the measurement of the emissive 
power the entire emitted beam is not considered, but only a part 
of it — that which is transmitted by a given analyzer (plane or 
circular). In passing out from the analyzer the beam propagates 
certain well defined vibrations ; its intensity measures the emis- 
sive power corresponding to the radiation and to the vibrations 
considered. For example, with a plane polarizer there will be 
obtained the emissive power e^, corresponding to vibrations of 
direction p which are allowed to pass by the analyzer. 

Moreover, the corresponding absorptive power a^ will be 
obtained by bringing to the body under investigation a beam 
propagating the same vibrations (obtained with the same apparatus, 
which in this case acts as a polarizer). 

Kirchhoff's law is then as follows : The ratio — of the emis- 

sive and absorptive powers, corresponding to radiations of defi- 
nite period and to definite vibrations, is the same for all bodies 
at the same temperature. It does not depend upon the particu- 
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lar kind of vibrations selected, or, if the polarization is plane, 
upon the orientation of p. 

When a body emits partially polarized light, which is the 
general case, the emissive power e^ is not the same for all the 
vibrations ; the absorptive power consequently also depends upon 
the kind of vibrations considered. It is thus seen why, in the 
definition of the emissive and absorptive powers e, a, measured 
without polarizing apparatus, I have assumed that the beam used 
in the measurement of a was of common light : the law as stated 
for e and a is rigorous i7i all cases,^ but only under this condition. 

Among the experimental facts relating to the law in its 
rigorous form I shall again mention Kirchhoff's experiment on 
tourmaline, which, when heated to redness, emits most strongly 
those vibrations which it most, freely absorbs. If this observa- 
tion were repeated quantitatively the measurements would doubt- 
less result in a verification of the law. An analogous experi- 
ment would undoubtedly succeed with liquids, which absorb in 
different degrees two rays circularly polarized in opposite direc- 
tions ; these liquids, if heated, should emit heat rays which are 
partially circularly polarized ; those which in the infra-red absorb 
right'/tanded rays most freely, should most readily emit left-handed 
rays, for these two kinds of rays propagate the same vibrations 
in opposite directions. 

The phenomena of polarization by emission^ in the case of 
bodies having reflecting power, are particularly important in 
affording a precise verification of the above law. From this law 
it follows immediately : 

1. That the rays emitted by a ** black" body are never 
polarized. 

2. That if there is partial polarization by reflection, there is 
partial polarization in a plane at right angles at emission. 

3. That for rays emitted or reflected in a given direction 

the ratio is the same for vibrations parallel and perpen- 

' It is immediately deduced from the law which has just been stated, for example, 
by separating a beam of ordinary light into two beams polarized in planes at right 
angles. 
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dicular to the plane of incidence, if the body is opaque and per- 
fectly polished. 

These facts are rendered evident by experiments made before 
Kirchhoff's investigations. The merit of having extended to 
radiant heat the discovery of polarization by emission, made by 
Arago, and of having shown the close relation connecting this 
phenomenon with polarization by emission, in fact belongs to 
De la Provostaye and Desains.* Concerned more particularly 
with the thermal equilibrium in enclosed spaces, De la Provos- 
taye and Desains state this relation in other terms,' but their 
experimental results permit the law to be verified in the form in 
which it has just been stated (experiments on polished platinum 
for heat and light, on glass for obscure heat). 

If we add that Kirchhoff's law makes possible not only the 
prediction of polarization by emission, but a prediction of how 
it should vary, for example, with the incidence,^ it is evident 
how it permits a relation to be established between apparently 
very different phenomena and gives a means of discovering 
their laws. Other cases in which it could render similar services 
might easily be found. 

X. kirchhoff's law and temperature equilibrium. 

It is a fact admitted by all that temperature equilibrium once 
established within an enclosed space, protected against all external 
radiation, would persist indefinitely. This maintenance of equi- 
librium may be considered as an experimental fact, or deduced 
from Clausius' axiom. 

Now Kirchhoff's law may be derived from this fact by mak- 
ing a certain number of hypotheses, which must be enumerated : 

I. We assume Prevost's theory of exchanges, i, e., we sup- 

' For their investigations on radiant heat see Desain's Lemons de Physique^ 1 860. 

'"In an enclosed space in equilibrium partial polarization by emission com- 
pletely compensates the effects of polarization by reflection, so that all rays in the 
enclosure are unpolarized." 

'See Uljanin {loc. cit.\ who confirmed in this way the results of M. Violle*s 
experiments on molten silver. 
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pose that each part of the enclosure receives and emits radia- 
tions, even when the temperature is uniform. This is an 
hypothesis, for af present we have no means of determining the 
existence of such rays ; we have no method of studying a radia- 
tion without causing it to disappear. 

2. We assume that this incessant radiation explains the pres- 
ervation of the equilibrium, and that the other modes of prop- 
agating heat (conduction and convection) are not concerned. 
This is also an hypothesis ; these modes of propagation play an 
important part in establishing the equilibrium. 

3. We assume that the emission is determined for a given 
body by the temperature alone, i, e., that cases where radiation 
results from chemical action, fluorescence, or any other lumines- 
cence phenomenon, are not included. 

4. Conversely, we assume that an absorbed radiation is 
wholly transformed into heat, f. e,, produces merely a rise of 
temperature. It must not produce chemical action, fluorescence 
phenomena, etc. 

Such are the hypotheses, though they have not always been 
explicitly stated, which have been made by all investigators 
who have endeavored to connect the relationship between 
absorption and emission with temperature equilibrium. I cannot 
consider here researches prior to Kirchhoff, in which the equal- 
ity of the emissive and absorptive power (relative) were thus 
demonstrated for thermal radiations in general, nor dwell upon 
the importance of the investigations of De la Provostaye and 
Desains. This proposition was not Kirchhoff 's law, which applies 
to a single radiation. 

Kirchhoff has himself endeavored to deduce the law in the 
precise form in which he announced it, from temperature equi- 
libria and from the preceding hypotheses. He has given two 
successive demonstrations. In the first he imagines two plane 
surfaces of indefinite extent, one of them perfectly black, the 
other covered with a substance which emits and absorbs only ofie 
radiation. Provided that the temperature does not change, he 
concludes that, for this radiation, the ratio of the emissive and 
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absorptive powers of this substance is equal to the emissive 
power corresponding to a black body. 

This demonstration, which is too frequently reproduced in 
the classic works of the present day, does not establish the law 
rigorously, nor in its most general form. The most radically 
defective point, in my opinion, is the assumption on a priori 
grounds of an imaginary body which would emit but one radia- 
tion, and would absorb this radiation and no other. 

The other demonstration which Kirchhoff gave soon after- 
ward' is more rigorous and complete. I cannot outline it here; 
it is long and complicated, principally 1 suppose, because Kirch- 
hoff took into account polarization phenomena. It certainly 
might be simplified.' I confine myself to mentioning the ingen- 
ious device by the aid of which he showed that equilibrium must 
be established for each kind of radiation considered by itself ; 
he supposes a thin, perfectly transparent plate, which gives the 
colors of thin plates and reflects certain radiations to the exclu- 
sion of certain others, to be suitably placed in the enclosure 
which is being studied. As the equilibrium must hold for all 
thicknesses of the plate, a simple calculation shows that it must 
exist for each radiation. 

These demonstrations in which imaginary bodies are employed 
(bodies perfectly absorptive for negligible thickness, perfectly 
transparent or totally reflecting bodies which neither emit nor 
absorb at any temperature) may be considered as far removed 
from ordinary experience. Nevertheless, these^imaginary bodies 
may be realized with a higher and higher degree of approxima- 
tion, and this renders their use legitimate. Moreover, the sug- 
gestive value of such reasoning must not be overlooked ; the 
example of Desains and De la Provostaye shows that new facts 
and the laws which control them can be discovered in this way. 

But such reasoning does not constitute a ** theory*' of Kirch- 

'^ Ann, Chim, ei Phys., 67, 160, 1861. 

' A Nicol might be imagined in the enclosure. See in the memoir of De la Pro- 
vostaye (Ann. Chim, et Phys.^ 67, 5,) the demonstration which is given for regularly 
reflecting bodies. 
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hoff's law, for it does not connect this law with the generally 
accepted theories of light. Is such a theory possible at the 
present time ? 

In the facts which have just been studied, the emission and 
absorption have been seen to be modified both by the superficial 
properties of the bodies and by their molecular structure. If 
an attempt is made to account for the relations found, one is 
led either to construct the theory of reflection itself, or to study 
the relationship of the ether to material molecules. In order to 
show this I shall examine only two special cases. 

Let us consider opaque reflecting bodies. As has been seen, 
Kirchhoff's law connects the emissive and reflecting powers. 
Now it may be connected directly with Helmholtz's theorem con- 
cerning reflection, according to which the reflecting power is 
independent of the direction of propagation of a ray undergoing 
refraction while passing from one medium to another. It is 
sufficient to assume, with Fourier and many others since his 
time, that the radiation does not take place from the surface 
alone, but from a layer of greater or less depth. If the surface 
did not interfere, the radiation would be that qf a perfectly 
absorptive body; but it returns a part of the rays toward the 
interior, and this reflection weakens the beam, partially polarizes 
it, in a word, endows it with all its characteristic properties. 

Let us now consider two bodies which are perfectly absorp- 
tive for a given radiation. In spite of the great differences which 
they may present, particularly as regards their chemical 
structure, these two bodies, at the same temperature, have the 
same emissive power for the radiation considered. Near their 
surface, the amplitude of the vibrations of the ether having the 
chosen period is perfectly definite, and dependj only on the 
temperature and the period. Such is the important consequence 
of Kirchhoff's law. 

From this it may be seen how this law, which connects 
together so many experimental facts, brings an important con- 
tribution to the theoretical study of the relationship between 
ether and matter, which is still so mysterious. 



Minor Contributions and Notes. 

PHOTOGRAPHS OF THE NEW STAR IN SAGITTARIUS. 

The photographs of Nova Sagittarii reproduced in Plate III were 
taken at the Cambridge and Arequipa stations of the Harvard College 
Observatory. The chart plate shows the star as it appeared on April 
29, 1898, when its magnitude was 8.4. The first spectrum plate, 
taken at Arequipa on April 19, 1898, shows the lines Hfi, Hy, Hh, 
Ht, HCi ^Vt ^^^ probably /fO, bright. A broad band at X4643 is 
also bright, and several narrow bright lines are shown. These lines 
appear to be identical with the corresponding lines found in the spec- 
trum of Nova Aurigae. The spectrum plate taken two days later 
reveals certain important changes, notably the appearance of a narrow 
bright line at X5005, which probably coincides with the chief nebular 
line at X5007. Further information regarding the photographs may be 
found in H. C, O. Circular No. 42, published in the last number of 
this Journal, from which this description has been taken. 



NOTE ON THE NEW FORM OF PHOTOGRAPHIC TELE- 
SCOPE PROPOSED BY PROFESSOR PICKERING IN H. 
C. O. CIRCULAR, No. 39. 

As IT seems desirable that the special advantages and disadvantages 
of the form of telescope which is proposed by Professor Pickering, in 
H, C. O, Circular No. 39, should be carefully considered, before the 
construction of such an instrument is undertaken, I venture to suggest 
that the focal length proposed in the circular is somewhat excessive. 
It is very doubtful whether anything would be gained by increasing 
the focal length beyond the point which gives full photographic resolu- 
tion. The resolving power of an objective depends on its aperture 
only, and for visual purposes the best ratio of focal length to aperture 
is determined by practical considerations. In photographic optics, the 
size of the silver grains on a negative plays an important part. 

A telescope which has the usual ratio of focal length to aperture 
(say 15:1 or 20 : i) gives an image in which the detail is too fine for 
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the photographic plate ; but if, with the same aperture, we make the 
focal length very great (say 200 : i), we obtain an image in which these 
relations are reversed. Somewhere between these limits, therefore, 
is a value of the focal length for which image and plate are suitably 
related. 

This question has been treated by Professor Wadsworth,' who took 
as the basis of his discussion the condition that the two maxima and 
intervening minimum of a double-star image just at the point of reso- 
lution should fall on separate and distinct silver grains. The average 
distance between the silver grains on a negative was determined by 
measurement. Professor Wadsworth*s conclusion was that the focal 
length of a photographic telescope should be about thirty-five times 
the aperture. 

In view of the uncertainty which attaches to the definition of pho- 
tographic resolution, the most suitable ratio of focal length to aper- 
ture cannot be very exactly fixed, but it doubtless lies between the 
limits 30 :*i and 60:1. 

This conclusion is borne out by experience. At the Allegheny 
Observatory I found that a spectrograph camera, which was designed 
for photographing the spectra of bright objects, and which had a focal 
length twenty-seven times greater than the aperture, would photograph 
nearly, but not quite, all the detail in the solar spectrum that the eye 
could see. At the Lick Observatory, the best results in lunar photog- 
raphy with the great equatorial have been obtained with an aperture 
of about 12 inches (F = 48 A). The large concave gratings of Pro- 
fessor Rowland give full photographic resolution, with F = 44 A. 
The ratio for the horizontal photoheliograph of the Lick Observatory 
(F = 96 A) is probably greater than necessary (from the present point 
of view), particularly since fine-grained plates are used with this 
instrument. 

I have seen photographs of the Moon and planets taken with tele- 
scopes of very great (virtual) focal length, and their appearance was just 
what the foregoing considerations would lead one to expect. The 
enlargement had been carried altogether too far. 

To secure the advantages pointed out by Professor Pickering, it 
would be well to give the focal length the benefit of every doubt, but 
in my opinion it should in no case exceed 100 times the aperture. If 
carried beyond this Kmit, nothing would be gained, while the greater 

* This Journal, 3, 188, 1896. 
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length of exposure required, and the increased atmospheric disturb- 
ances within the instrument, would be positive disadvantages. 

James E. Keeler. 
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SPECTRA OF STARS OF SECCHl'S FOURTH TYPE. 

Some of the results of a photographic study of the spectra of stars 
of Secchi's type IV (Vogel's IIl^), upon which Mr. Ellerinan and the 
writer have been engaged for over a year, were presented at the Har- 
vard Conference last August (see Astrophvsical Journal, 8, 237, 
1898). Since that time, on account of the substitution of a train of 
three prisms and a short camera (/= 10.8 inches) for the single prism 
and longer camera (/= 20.0 inches) used with the spectrograph in most 
of the earlier work, much better photographs have been obtained with 
shorter exposures. Four of these spectra are reproduced herewith. 
The order of arrangement corresponds with that mentioned in the 
paper referred to above, in which it was stated that it had been found 
possible to group ten stars in a series. This grouping presumably 
represents the normal order of development. The spectra of other 
stars in the series might also have been reproduced, but the four 
selected may be taken as fairly representative of well-defined steps in 
the evolutionary process. The individual spectra, which will shortly 
be illustrated in more detail, and discussed in connection with the 
measures of the wave-lengths of the bright and dark lines, are of pres- 
ent interest in their bearing upon Professor Duner's important paper 
"On the Spectra of Stars of Class 111 /J" in the March number of the 
Astrophvsical Journal. 

The presence of bright lines in the spectra of these stars, announced 
by the writer at the Harvard Conference, is now abundantly confirmed. 
Some of the more conspicuous of these lines were seen by Professor 
Dun^r with the Upsala refractor before the photographic study of 
the spectra was undertaken here. They have recently been observed 
visually by Professors Keeler and Caini)bell at the Lick Observatory. 
In any attempt to connect these spectra with those of other types the 
bright lines must not be overlooked. 
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The difficulty of establishing such a connection cannot be said to 
have materially lessened. No star intermediate in character between 
type JV (III^) and any other known type has yet been found. This 
is perhaps hardly surprising, as the spectrum of such a star would not 
be likely to exhibit striking characteristics whtch might lead to its 
early detection. No systematic search for such a star has been 
attempted here, as the Observatory does not possess instruments espe- 
cially adapted to the purpose. Advantage will be taken of Profbssor 
Pickering's kind offer to photograph suspected objects with an object- 
ive prism. Should the character of the spectra thus obtained be such 
as to warrant more detailed study, the 40-inch refractor and stellar 
spectrograph of this Observatory will be employed for the work. 

... „ George E. Hale. 

March 29, 1899. 
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OPPORTUNITIES FOR STUDENTS AT THE YERKES OBSERVATORY. 

The attention of advanced students in astronomy and astrophysics 
is invited to the fact that opportunity for work at the Yerkes Observa- 
tory is offered to all who can be accommodated. Ample preparation for 
advanced studies in theoretical and practical astronomy and in astro- 
physics is afforded by the courses given at the University of Chicago 
in the Department of Mathematics, Astronomy and Physics. After 
completing the necessary preliminary work in Chicago, students who 
desire to devote special attention to observational astronomy or to 
astrophysics are admitted to the Yerkes Observatory at Lake Geneva, 
where they are given every possible facility. In addition to pursuing 
the courses of instruction enumerated in iht Annual Register oi the 
University of Chicago, students at the Observatory may take part in 
the regular work of research. As soon as they have had sufficient pre- 
liminary training they are encouraged to undertake original investiga- 
tions of their own. 

VOLUNTEER RESEARCH ASSISTANTS. 

It may not infrequently be the case that students who have taken 
higher degrees in astronomy, astrophysics, or physics, or have pursued 
advanced studies in these subjects at the University of Chicago or 
some other institution, will find it to their advantage to spend some 
time at the Yerkes Observatory, in order to familiarize themselves with 
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its work. To meet this need the position of Volunteer Research Assist- 
ant has been established. Those who are appointed to this position 
are expected to carry on such work as may be assigned to them during 
their connection with the Observatory. They receive no pay for their 
services, but are given every reasonable opportunity to become 
acquainted with the investigations in progress, and in some cases to 
conduct researches of their own. During the summer of 1898 Dr. 
Frank Schlesinger, Ph.D. (Columbia University), Mr. J. A. Parkhurst, 
S.B. (Private Observatory, Marengo, III.), and Mr. A. L. Colton, M.A. 
(University of Michigan, recently assistant at the Lick Observatory), 
held positions at the Yerkes Observatory- as Volunteer Research Assist- 
ants. Dr. Schlesinger aided in the measurement and reduction of 
photographs of stellar spectra, and carried out an independent inves- 
tigation of the spark spectrum of iron taken in air. Mr. Parkhurst 
made systematic observations of variable stars with the 12-inch 
refractor, and determined the distribution of stars of Seech i*s fourth 
type with reference to the Milky Way. Mr. Colton gave important 
assistance to Professor Nichols in his observations of the heat radia- 
tion of Arcturus and Vega. 

Further information regarding opportunities for students and the 
appointment of Volunteer Research Assistants may be obtained on 
application to the Director of the Yerkes Observatory, Williams Bay, 
Wisconsin. George E. Hale. 

April 3, 1899. 

BULLETIN NO. 9. 



COMPARISON OF STELLAR SPECTRA OF THE THIRD AND FOURTH 

TYPES. 

In Bulletin No. 7 it was stated that but little progress had been 
made toward establishing a relationship between stars of the fourth 
type and those of other classes. Some excellent enlargements from 
our most recent negatives, which have just been made by Mr. Eller- 
man, bring out in a very striking way a resemblance between stellar 
spectra of the third and fourth types. This resemblance was alluded 
to in a paper read by the writer at the Harvard Conference (see an 
abstract in the Astrophysical Journal, 8, 237, 1898), but the earlier 
photographs, made with the dispersion of a single prism, were on too 
small a scale to permit any conclusions to be safely drawn. The 
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photographs reproduced in the accompanying plate, which were made 
with a three-prism spectrograph attached to the 40- inch telescope, are 
fairly well adapted for the purposes of this comparison. It will be seen 
that in the region extending from ^^ to about X5300, the spectra of 
/* Geminorum (type III) and 132 SchjclUrup (type IV) are almost 
identical, while there are many common lines in the neighboring less 
refrangible part (the slight difference in scale of the two photographs 
is not sufficient to render the comparison difficult). Further toward 
the red the spectra become very unlike, though even here there are 
certain important points of resemblance which must be carefully 
investigated. The agreement of the spectra of the two stars is quite 
as striking in a limited region lying between Hfi and Hy, In fact, it 
may be said that within certain limits in both the green and blue regions 
the spectrum of /* Geminorum more closely resembles that of 132 
SchjelUrup than do the spectra of certain stars of tht fourth type. It is 
interesting also to notice that between d^ and X5300 the spectrum of 
ft. Geminorum agrees more perfectly with the spectrum of 132 SchjelU- 
rup than it does with the solar spectrum (type II). 

These photographs serve to confirm the common belief in the 
essential similarity of the two types of red stars, and may perhaps 
afford material for a study of their development. 

George E. Hale. 

April 12, 1899. 



A NEW SATELLITE OF SATURN.' 

Nearly all of the astronomical discoveries made by the aid of 
photography have related to the fixed stars. In the study of the mem- 
bers of the solar system, the results obtained by the eye are generally 
better than those derived from a photograph. For many years it has 
been supposed that photography might be used for the discovery of 
new satellites, and in April 1888, a careful study of the vicinity of the 
outer planets was made by Professor William H. Pickering. Photo- 
graphs were taken with the 13-inch Boyden telescope, with exposures 
of about one hour, and images were obtained of all the satellites of 
Saturn then known, except Mimas, whose light is obscured by that of 
its primary. It was then shown that Saturn probably had no satellite, 
as yet undiscovered, revolving in an orbit outside of that of Enceladus, 

* Harvard College Observatory Circular No. 43. 
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unless it was more than a magnitude fainter than Hyperion. (Forty- 
third Report, p. 8.) 

In planning the Bruce photographic telescope, a search for distant 
and faint satellites was regarded as an important part of its work, and 
accordingly, plates for this purpose were taken at Arequipa, by Dr. 
Stewart. A careful examination of these plates has been made by Pro- 
fessor William H. Pickering, and by superposing two of them, A 3228 
and A 3233, taken August 16 and 18, 1898, with exposures of 120'", a 
faint object was found which appeared in different positions on the 
two plates. The same object is shown on two other plates, A 3227 and 
A 3230, taken August 16 and 17, 1898, with exposures of 60" and 
122", respectively. The position is nearly the same on the two plates 
taken August 16, but on August 17 it followed this position 33', and 
was south 19', while on August 18 it followed 72', south 43'. Its 
motion was direct, and less than that of Saturn, though nearly in the 
same direction. It cannot, therefore, be an asteroid, but must be 
either a satellite of Saturn or a more distant outside planet. The 
proximity of Saturn renders the first supposition much more probable. 
On August 17, the position angle from Saturn was 106°, and the dis- 
tance 1480'. Assuming that it was at elongation, and that its orbit is 
circular, its period would be 400 days, or five times that of lapetus. 
It was at first identified with a very faint object found on plates taken 
in 1897, and the period of seventeen months was derived from them. 
This supposition has not been confirmed. 

Measurements of the positions of the images give additional mate- 
rial for determining the form of the orbit. The method of measure- 
ment is that described in the Annals^ 26, p. 236. The uncorrected 
positions of the four images referred to the first plate of August j6 as 
an origin are for x, 0.0', +1.2', +33.6', and +7i-8'; forj', o.o", 
— 1.7', — I9s8', and — 42.1'; the corresponding Greenwich mean times 
are 12** 16", 14*^ 18°, 12** 56", and 13** 12°. Correcting for the motion 
of Saturn, the relative motion with references to that body is in at, 0.0', 
— 2.4', — 10.7', and — 22.0'; xvi yy 0.0", -f 6.1', + 2.4', and +2.9'. 
It appears from this that the apparent motion is about 10.4' a day, at 
a distance of 1480'. A computation shows that if the orbit is circular, 
the period must be either 4200 or 490 days, according as the satellite 
is near conjunction or elongation. These values may be greatly altered 
if the orbit is elliptical. Since the interval of time between the first 
and last photographs on which the satellite appears is only two days, 
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it is impossible to predict its position with accuracy. It is probable 
that its position angle from Saturn now lies between 280° and 290°, 
and its distance between 20' and 30'. These uncertainties will prob- 
ably be greatly diminished from measures of plates of Saturn taken in 
Arequipa on September 15, 16, and 17, 1898, which for some unex- 
plained reason have not yet been received in Cambridge. 

The direction of the motion, which is nearly towards Saturn, shows 
that the apparent orbit is a very elongated ellipse, and that it lies 
nearly in the plane of the ecliptic. Professor Asaph Hall has pointed 
out that this is to be expected in a body so distant from Saturn. The 
attraction of the latter only slightly exceeds that of the Sun. Hype- 
rion appears as a conspicuous object on all four of the plates, and the 
new satellite appears about a magnitude and a half fainter on each. 
The approximate magnitude is therefore about 15.5. As seen from 
Saturn, it would appear as a faint star of about the sixth magnitude. 
Assuming that its reflecting power is the same as that of Titan, its 
diameter would be about two hundred miles. It will, therefore, be 
noticed that while it is probably the faintest body yet found in the 
solar system, it is also the largest discovered since the inner satellites 
of Uranus in 1851. The last discovery of a satellite of Saturn was 
made in September 1848, by Professor William C. Bond, then director 
of this Observatory, and his son. Professor George P. Bond. The 
satellite Hyperion was seen by the son on September 16 and 18, but its 
true character was first recognized on September 19, when its position 
was measured by both father and son (see Annals, 2, p. 12). Soon after, 
it was discovered independently by Lassell at Liverpool. 

Professor William H. Pickering, as the discoverer, suggests that the 
name Phoebe, a sister of Saturn, be given to the new satellite. Three 
of the satellites, Tethys, Dione, and Rhea have already been named 
for Saturn's sisters, and two, Hyperion and lapetus, for his brothers. 

Edward C. Pickering. 

April 10, 1899. 

CHANGE OF ADDRESS. 

I regret to state that Professor F. L. O. Wadsworth, who has been 
connected with the Yerkes Observatory from the beginning of its work, 
has resigned his position on the staff. His present address is 283 
Lincoln Avenue, Bellevue, Pa., where all letters intended for him 
should be addressed. G. E. H. 



Reviews. 



Harper^ s Scientific Memoirs, edited by Joseph S.Ames. No. i. 

The Free Expansion of Gases; 8vo. pp. v+io6. No. 2. 

Prismatic and Diffraction Spectra; 8vo. pp. v + 6&. Harper 
& Brothers, New York, 1898. 

These two small volumes are the forerunners of a series of classic 
works in a variety of different fields of physical research, of which eight 
more volumes are already announced. A number of the papers to be 
thus gathered together, are translations from foreign languages, and the 
series may be regarded as a very modest beginning in English, of what 
has been more extensively done in German in the Ostwald reprints of 
classic scientific memoirs. 

In addition to the service done by the editors in selecting and 
bringing together from different languages and times, in convenient 
form, the fundamental researches along a number of lines, they render 
available the original papers, which in some cases are now with dif- 
ficulty accessible to those who would gain profit from reading them. 

While it may be taken for granted that nearly all English-speaking 
physicists at the present time are able to read both French and Ger- 
man, yet the number who can read these languages as easily as their 
own, is relatively small ; and most would prefer trustworthy transla- 
tions, except perhaps in the narrow field where the student in question 
may himself be working. 

The series cannot fail to accomplish a wider general knowledge, 
and a stimulated interest, among physical readers in the subjects 
treated, and it is a matter for congratulation that an American pub- 
lisher has consented to do this service for English-speaking physicists ; 
and that the selection of matter, and the editing of it, has fallen into 
such able hands. It is sincerely to be hoped that the narrow limits 
at present given to the series may be extended to include a greater 
number of special fields of research. 

.Of the two volumes already in hand, the " Memoirs on Prismatic 
and Diffraction Spectra" possesses the greater interest for spectroscop- 
ists. This volume contains the translation of three memoirs, and a 
short biography of Joseph von Fraunhofer, together with a fragment 
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of a memoir by William Hyde Wollaston and his biography, shortened 
down to a single six-line paragraph. The work ends with a bibliog- 
raphy of the more important contributions to spectroscopy, and an 
index. 

The first of the Fraunhofer memoirs bears the translated title, 
" The Determination of the Refractive and the Dispersive Power of 
Different Kinds of Glass, with Reference to the Perfection of Achro- 
matic Telescopes," and was originally published in the Denkschriften 
der kdniglichen Akademie der Wissenschaften zu Munchefiy V, pp. 193— 
226, 181 7. The paper deals with the discovery of fixed bands in 
flame spectra, from which Fraunhofer passed directly to the use of 
sunlight, and the discovery of the lines in the solar spectrum which 
bear his name. These he found duplicated in the spectrum of Venus. 
He next turned his attention to Sirius, and in spite of the small 
amount of light which he was able to gather with an objective aperture 
of barely 3 cms, he says, " I have seen with certainty in the spectrum 
of Sirius three broad bands which appear to have no connection with 
those of sunlight; one of these bands is in the green, two are in the 
blue. In the spectra of other fixed stars of the first magnitude one 
can recognize bands ; yet these stars, with respect to these bands, seem 
to differ among themselves." Thbs was the science of stellar spec- 
troscopy born into the world. Fraunhofer further observed that the 
refractive index of the bright band in the yellow of the lamp flame 
spectrum was exactly the same as that for the D line in the solar spec- 
trum ; and when seen with a very narrow slit, was a double line. He 
also describes the appearance of the electric spark spectrum. 

The second memoir, on "A New Modiflcation of Light by the Mutual 
Influence of the Diffraction of the Rays, and the Laws of this Modifi- 
cation," published likewise in the Denkschriften^ VIII, pp. 1-76, deals 
with the laws of the diffraction of light through a single opening, and 
later, takes up the mutual action of a great number of diffracted 
beams. Here the description is given of the construction and study 
of the first wire diffraction gratings, and of the grating spectrum. 

Following this, the third memoir gives a " Short Account of the 
Results of New Experiments on the Laws of Light, and Their Theory." 
The original paper was read before the Munich Academy in 1823, and 
subsequently published in Gilbert's Annalen, In this memoir a 
description is given of plane diffraction gratings ruled on glass, the 
exact law of the dispersion for normal and oblique incidence is enun- 
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dated, and the effect of the form and width of the ruled lines upon the 
spectrum is discussed, tofifether with the effect of unevennesses, and of 
periodic errors. Fraunhofer then proceeds directly from the laws he has 
developed from Young's theory of interference, to make the first 
measurements of the wave-lengths of the principal solar lines, in terms 
of the Paris inch. 

The memoir closes with an addendum, describing the results of 
further observations, with an objective of four inches aperture, of lunar, 
planetary and stellar spectra. Fraunhofer finds that the Sun, Moon, Mars 
and Venus give similar spectra. He observes a resemblance between the 
spectrum of Sirius and that of Castor ; finds that Capella gives the same 
fixed lines as are found in sunlight ; and that the spectrum of Betelgeux 
contains more lines than the spectra of the planets, but some of them 
are in the same positions as prominent lines in the planetary spectra. 

Many astronomers and astrophysicists will surely sympathize with 
this complaint which Fraunhofer makes in a footnote, " The further 
one goes with these experiments so much the wider becomes the field 
which offers itself for new investigations. It is greatly to be regretted 
that they can be repeated so seldom by anyone, owing to the fact that 
they demand very large, and, in part, expensive apparatus, and also a 
great deal of time. The fact that the sky must be most favorable 
makes one lose more time than would be believed, perhaps ; which I 
feel all the more because the demands of business leave me only a few 
definite days in the month which are free for these investigations.** 

The translation of the memoirs, throughout, has been faithfully and 
accurately done, and the relative simplicity of Fraunhofer's German, 
the clearness of his thought and expression, have been most admirably 
reproduced in English. The editor makes frequent omissions from 
unimportant parts of the memoirs, presumably to avoid exceeding a 
certain number of pages, and also to save his readers' patience ; for 
it must be remembered that Fraunhofer first undertook the studies 
here described purely for the purpose of aiding himself in the manu- 
facture of better achromatic lenses, and consistent with this purpose, 
made many laborious studies of different kinds and qualities of glass, 
which are not of the same scientific importance as much of his other work. 
This editor's privilege has, however, been exercised to the extent of 
omitting several diagrams and explanations of apparatus. From the 
reader's point of view less can be said in favor of omissions of the 
latter sort. E. F. N. 
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ON THE RED END OF THE RED ARGON SPECTRUM. 

By C. Rung e. 

The wave-lengths of the red argon lines have been deter- 
mined by W. Crookes,' by H. Kayser,' and by C. Runge and 
F. Paschen.3 These determinations were all made visually. It 
is comparatively easy to measure the more refrangible red lines 
visually. But in the least refrangible part of the spectrum the 
sensitiveness of the eye decreases considerably and accurate 
measurements become difficult. Now I have lately obtained 
photographic plates that possess a maximum of sensitiveness 
somewhere about X.-=75oo. They were manufactured and sensi- 
tized by Dr. Schleussner in Frankfurt. The relative intensities of 
the lines seem to be about the same as on plates sensitized with 
Alizarin blue S/ but I cannot say anything about the mode of 
preparation, as I was refused any further information. With 
these plates I have photographed the spectrum of argon as far 

«W. Crookes, Chem, Netvs^ 71, 58. 1895. 

'H. Kayser, Sitz. Ber. d, BerL Akad.^ 24, 1896; this JOURNAL, 4, I, 1896. 

5C. Runge and F. Paschen, this Journal, 8, 99. 1898. 

♦ See G. Higgs, Photographic Atlas of the Normal Solar Spectrum^ Descriptive 

Supplement, p. 10. 
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as X = 80 1 5 in the first order of a concave grating of one meter 
radius. An exposure of several hours revealed even the weaker 
lines, which hitherto have not been measured. Photographs 
were taken of the red lines with and without the ultra-violet of 
the second order, in the latter case by cutting it off with a yel- 
low screen. Only the strong argon lines 3947.647, 3949.107, 
and 4044.565 and the mercury line 4046.78 made their appear- 
ance through the yellow screen. For the wave-lengths of the 
ultra-violet argon lines I have taken the measurements of H. 
Kayser. The red lines do not appear as sharp as the ultra-violet 
lines. This is due, no doubt, to the action of the sensitizer, 
and lessens to some extent the accuracy of measurements. 

For the illumination of the slit I have discarded the use of 
lenses when measuring the red lines by the method of coinci- 
dences with the second order ; for I found that the difference of 
illumination by red and violet light caused by the difference of 
focal lengths may produce a considerable shift of the one order 
with respect to the other. This does not happen if the source of 
light is large, as in the case of a Bunsen burner or the electric 
arc or the Sun. But in the case of a vacuum tube placed end-on 
there is little light to spare, and if the image of the end of 
the capillary is not accurately focused on the slit, it may easily 
happen that the ruled surface of the grating is not fully illumi- 
nated, and this may cause a shift of the lines if the adjustment 
of the plate is slightly out. With lenses it is impossible to 
focus accurately for light of all wave-lengths. The use of 
concave mirrors instead of lenses does away with this source 
of error. The red and ultra-violet light must in this case 
follow the same path, except for differences from diffraction 
caused by a narrow slit, and the images of the slit must be accu- 
rately the same. There is no inconvenience in the use of two 
mirrors. It is possible to place them so that one compensates 
the astigmatism of the other ; but an astigmatic image on the 
slit may even be an advantage. 

The extreme red end of the spectrum seems to deserve spe- 
cial interest as the lines in this region are generally sparse. Thus 
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it becomes comparatively easy to identify a substance by some 
of its lines in this region. Argon, for instance, may be readily 
identified by its red lines, in a vacuum tube containing a little 
unprepared air, and it is not to the credit of spectroscopists that 
they suffered argon to remain undetected so long. 
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Technische Hochschule, Hannover, 
February 1899. 

' The intensities are given first as they appear on the photographic plate (I), and 
secondly, as they appear visually (II). The numbers are mere estimations and have 
little value beyond signifying that one line appears stronger or weaker than another, 
larger number meaning greater intensity. But however rough, the numbers show that 
the sensitiveness of the plate has a maximum in this region. 



THE ATMOSPHERE OF VENUS. 

By Henry Norris Russell. 

It has been known for more than a century that, when Venus 
is near inferior conjunction, the cusps of her crescent project 
beyond the position which they would occupy were she merely 
an opaque sphere like the Moon, so that more than half her cir- 
cumference is visible. 

This phenomenon was first noticed in 1790, by Schroeter, 
who made numerous measures of its extent in 1793 and 1794.' 
He observed the planet low in the twilight just after sunset or 
before sunrise, and distinguished a faint bluish light outlining 
the circumference for some distance beyond the apparent bright 
cusps, which, as his measurements showed, also projected some- 
what beyond their geometrical position. As later observers 
have all, so far as I can learn, worked in the daytime, it is not 
surprising that only the bright part of the cusps seems to have 
been seen by them, while the faint bluish light was lost in the 
glare of the sky. 

The next observations arc those of Madler,' in 1849. ^^ 
succeeded in seeing fully 240° of the circumference of Venus, 
but was in this respect far surpassed by Lyman, who in 1866,3 
and again in 1874,* succeeded in observing the planet several 
times when she was within \\^ of the Sun*s limb, when the cusps 
had coalesced and she appeared as a luminous ring. I can find 
no account of such observations during the next favorable con- 
junction in 1882, but in 1890 Barnard,^ at the Lick Observatory, 
saw 340° of the circle, and would certainly have seen the whole, 
had not the days of closest approach been cloudy. 

* For a very full account see his Aphroditographische Fragmented pp. 90 ff. 
^ Astronomische Nachrichten^ 29, 1 07. 

"^ American Journal of Science {2)^ 43, 129. 

* Ibid. (3), 9, 47. 

5 Astronomisc/ie Nachrichten^ ia6, 295. 
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The following observations were made by me at the Halsted 
Observatory of Princeton University in the winter of 1898. The 
telescope used was the 5-inch finder of the great equatorial. Its 
object-glass was screened from direct sunlight by the sunshade 
which is fitted to the tube of the large telescope near its object- 
glass for use during spectroscopic work on the Sun. A hole was 
cut in this just large enough for the finder to look through, and 
its object-glass was thus completely shaded when it was pointed 
at an object 1° from the Sun's center. 

November 29, 1898. Clear day with good definition. 

Diameter of Venus, 2.002 micrometer revolutions (mean of 
four measures). 

Distance between lines tangent to cusps and to opposite 
limb of planet, 1.63 revolutions (mean of three measures). 

Hence: Total visible arc, 254°. Each cusp projects 37° 
beyond its theoretical place. 

December 2, 1898, 10:30 a.m. Venus being about 1^45' 
from the Sun*s center, I found, after my eye had become accus- 
tomed to the brightness of the field, that the complete circle of 
the planet could be seen by glimpses. I informed Professor 
Young of the fact, and he found that by stopping out the edges 
of the field-lens of the eyepiece the fainter portion of the ring 
might be seen almost steadily. Venus appeared to both of us as 
a ring of light, very much brighter on the side toward the Sun. 
The faintest part of the ring was directly opposite the Sun, and 
was barely visible. No considerable irregularities were visible 
on the ring, and no coloration was noticed. At no time during 
the observations was the unilluminated part of Venus seen. 

Cloudy weather prevented further observation till December 
7, when the planet had moved far enough from the Sun to be 
observable with the 23-inch telescope, with which the following 
measures were made : 

Diameter of Venus, 6.783 revolutions (mean of three). 

Distance between tangents to cusps and limb, 4.055 revolu- 
tions (mean of four): 

Hence: Visible arc, 202.6°. Each cusp projects 11.3°. 
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The necessary inference from the observations is that, for 
some reason, more than half of Venus* surface must be illumi- 
nated by the Sun. It is true that since the Sun, as seen from 
Venus, has a diameter of 44', a strip of her surface extending 
22' of arc (measured on her surface) beyond the geometrical 
terminator, must receive light from a part of the Sun's disk ; 
but this penumbral illumination is not nearly enough to account 
for the observed phenomena. The cause of this extension of 
the illuminated area has always been supposed to be atmos- 
pheric, since it is impossible to see how more than half an opaque 
globe without atmosphere can either be lighted by the Sun, or 
seen by us at any one time. 

An atmosphere, both by its refraction and by the illumination 
of its upper layers by light which had grazed the planet's sur- 
face, would extend the directly sunlit area beyond the edge of 
that part which, without the intervention of the atmosphere, 
would be illuminated by at least a part of the Sun's disk, by a 
strip whose width would depend upon the atmospheric height 
and density. 

And since, even if we consider atmospheric refraction and 
illumination, the part of the planet visible to us is that part 
which would be illuminated by the observer, were he a luminous 
point, the portion of her surface visible to us would be extended 
by atmospheric action by a strip of the same width. 

To determine the relation between the width of these strips 
and the amount of prolongation of the cusps, let s be the width of 
one of the strips, measured in arc on the planet's surface. Con- 
sider the triangle formed by Venus, the Earth, and the Sun, and 
let a be the exterior angle at Venus. Finally let p be the arc 
by which one of the cusps is observed to project beyond the 
position it would occupy if there were no atmosphere. 

Consider the projections of the illuminated and visible parts 
of her surface on the plane passing through Venus, the Sun and 
and Earth, as represented in the annexed figure. In the figure 
V represents the center of Venus, and is also the projection of 
the position of the geometrical cusp. VS is the line to the Sun, 
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VE that to the Earth. AA, which is perpendicular to VS, is the 
position of the geometrical terminator (assuming the Sun to be 
a luminous point), and BB is the projection of the geometrical 




limb. The angle AVB is the supplement of EVS, and is there- 
fore equal to a. The apparent terminator will be a small circle 
on Venus' surface, whose distance from AA is ^+22' (the 22' 
is the allowance for the Sun's semidiameter). Its projection is 
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CC, The apparent limb will be a small circle whose distance 
from BB is s. Its projection is DD, P, the intersection of CC 
and DD, will be the projection of the apparent cusp. Drawing 
PQ and PR perpendicular to AA and BB respectively, we have 
/>j2=^+22' and Pi? = 5. The distance F/^, which is the pro- 
jection of the arc /, might be exactly calculated from these data 
by Trigonometry, but since, owing to the difficulties of observa- 
tion, / cannot be very accurately determined, we may obtain a 
much simpler approximate formula, abundantly accurate for all 
practical purposes, by supposing that PQ = PR = s+ ii'. This 
will give us a value of VP which is in error only by a quantity 
of the second order, negligible with respect to s. 

We now have the triangles QVP and RVP equal in all 
respects. The angles at V are each equal to ^ a, and in the 
spherical triangle of which PVQ is the projection we have sin 
PQ = sin PV sin PVQ, or 

sin (j+ ii' ) ^=sin/ sin ^ a (i) 

which is the desired formula. In most cases it is a safe approxi- 
mation to substitute the small arcs involved for their sines, which 

gives us 

j4- ii' =^ a sin/. (2) 

If we are given the elongation v of Venus, as seen from the 
Earth, instead of the an^le a at Venus, we have in the Sun- 

Venus- Earth triangle, - — = - , where r and p are the radii vec- 

° sm a r 

tores of the Earth and Venus respectively. This may be written 
approximately =-. Substituting in (2) we have 

s ■\- \\' =^ — z^ sin ^. ( 3 ) 

Schroeter, in reducing his observations, used a formula which 
gives the whole distance between the geometrical terminator and 
limb at the apparent cusps, and made no allowance for the Sun*s 
semidiamcter. Madler inadvertently introduced the angle at 
the Earth into his formulae, instead of that at Venus, and Lyman 
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followed him in this mistake. Neison* points out this error, and 
is the first to give the correct formulae in substantially the form 
developed above, but his numerical results for s are all 11' too 
small — probably because he used the Sun's diameter in place of 
its radius. 

It has, therefore, seemed worth while to reduce anew all 
accessible observations by the correct formula. 

The results are as follows : 

OBSERVATIONS OF EXTENT OF FAINT LIGHT BEYOND APPARENT 

BRIGHT CUSPS. 



Observer 


Date 


a 


/ 


s 


Schroeter - - - 

• 


- 1 790, Mar. 1 2 


17^ 43' 


15" 19' 


2= 20* 


<< ... 


- 1793, May 21 


13 55 


19 28 


2 19 


" - - - 


- 1794, Dec. 20 


26 30 


II 56 


2 27 



Mean 2° 22' 
Extent of brighter portion 59' 

* These aie really di^Eerejitial measures, and therefore the correction for the Sun's 
semidiameter has not been applied to them. 

NIGHT OBSERVATIONS OF TOTAL EXTENT OF VISIBLE CUSPS 
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} 1795, Jan. 10 
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45 


12 
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28 
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I 1794, Dec. 20 


26 
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17 
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44 


power 136 - - 


\ Dec. 22 


22 


49 


20 


22 
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46 




( Dec. 23 


20 


22 


22 


7 


3 


38 



Mean 3* 21 

DAY OBSERVATIONS OF TOTAL EXTENT OF VISIBLE CUSPS 
Observer Date a / j 

W. Herschel - - - 1793, May 20 16*" 14' 15" o' i*" 54' 

" ... - 1793, May 20 16 14 24 7 312 

• Monthly Notices^ 36, 348. 
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Observer 

Madler 



Date 

1849. May 9, 
10, 
II, 
II, 
12, 
12, 
12, 

I5» 
16, 



Lyman 



Barnard 



«< 



Russell 
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3 
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3 
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61 

69 

71 











Mean 65.3' 


1866, 


Dec. 7, 


6*25' 


20* 


79' 




10, 


I 24 


90 


>46.4 




12, 


I 52 


90 


>65.5 




12, 


2 4 


90 


>74 




14, 


5 6 


25 


77 




15. 


6 43 


15 


60 




18. 


II 23 


II 


78 
Mean 74' 


1874, 


Dec. 8, 


32.5' 


90- 


> II. r 




10, 


2° 31.7 


49 41' 


68.1 




II. 


4 2.5 


26 38 


63.3 




II, 


4 20.4 


25 43 


66.7 




12, 


5 58.3 


17 41 


63.4 
Mean 65.4' 


1890, 


Dec. I, 


5° 28' 


45° 


105' 




5. 


3 2.8 


80 


79 




Mean 92' 


1898, 


Nov. 29, 


4M5.7' 


37' 


75' 




Dec. 2, 


2 30.0 


90 


>64 




7, 


13 II 


11.3 


66 



Mean 70 ' 

* Madler states that the object-glass was not sufficiently shielded at the time of 
taking this measure. It is excluded in taking the mean. 

The results of the different series agree well enough to show 
that the projection of the cusps visible in an ordinary telescope 
in the daytime is about that which results from the formula when 
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we put in it 5 = 70 ' . The only seriously divergent observations 
are Barnard's ; and it is very probable that he may have seen 
more than an ordinary observer could. 

If we explain this enlargement of the illuminated and visible 
parts of Venus* surface by the refraction of her atmosphere (as 
has usually been done), it is evident that the width of the strip 
s measures the horizontal refraction r^, which, in consequence, 
must be some 68 or 70 minutes. This is almost exactly twice that 
of our atmosphere, and to produce it would require an atmosphere 
more than twice as dense or extensive as ours, as the force of 
gravity on Venus' surface is about four fifths of that on the 
Earth's. The height of such an atmosphere, if of composition 
similar to ours, would be about fifty-five miles as against forty 
for us. 

But it may easily be shown that, if the horizontal refraction of 
Venus* atmosphere is great enough to account, alone, for the 
observed prolongation of the cusps, a very conspicuous refracted 
image of the Sun ought to be visible on the limb of Venus farthest 
from the Sun, when she appears as a luminous ring. 

Consider the paths of rays supposed to be emitted from the 
Earth, and refracted to the maximum amount by Venus' atmos- 
phere. They would graze her surface and then pass on, being 
deviated in all by twice the horizontal refraction r^, and would 
form a cone with its vertex about 200,000 miles behind Venus, a 
distance which is negligible in comparison with the Sun's dis- 
tance. The trace of this cone on the celestial sphere is a circle 
of radius 2ro, whose center is the apparent geocentric place of 
Venus. Any part of the Sun which, as seen from Venus (or, 
strictly speaking, from the vertex of the cone), appears to 
encroach on this circle, will be visible to us by refraction through 
Venus' atmosphere, as a luminous arc along her limb. If we 
draw lines through the center of the circle to pass through its 
points of intersection with the Sun's limb, or, if more than half 
the Sun is inside the circle, to touch his limb, then the angle 
between these lines will clearly measure that arc of Venus' limb 
on which the Sun's refracted image will be visible from the 
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Earth, since rays falling outside these lines cannot meet the Sun. 
The radius of the circle is 2ro, and that of the Sun, as seen from 
Venus, is 22', while the distance of their centers is obviously a. 
If these are known, it is an easy trigonometrical problem to cal- 
culate the extent of the Sun's image along Venus' limb. If we 
assume r^ = 68' we find the following: 

a Extent of ima^e a Extent of ima^e 

> 158' 0° 80' 32" 

154 10 60 43 

150 iy/2 40 67 

140 18 30 94 

120 21 22 180 

100 26 < 22 360 

The middle of this image must evidently coincide with the 
point of Venus* limb farthest from the Sun. 

Now if Venus' atmosphere were perfectly transparent, the 
intrinsic brightness of the refracted image would be that of 
the Sun's surface itself, and, though its apparent area would be 
very small, its great brilliance would make it a very conspicuous 
object. As an example of this, let us discuss the case when 
a=i5o', To = 68', which are very closely the circumstances of 
my observation of December 2, 1898. 

Light from the Sun's limb nearest Venus, to reach us by 
refraction through her atmosphere, must in this case be deviated 
by at least 128'. The top of the Sun's refracted image would, 
therefore, be at that height above the planet's limb at which the 
horizontal refraction is reduced from 68' to 64'. But the hori- 
zontal refraction of an atmosphere varies as its density, and we 
know that the density of our atmosphere at a height of 3.57 
miles is half that at the Earth's surface. Since the force of 
gravity on Venus is 0.82 of ours, the height above her surface 
where the density is reduced one half must be about four miles. 
The height at which the horizontal refraction would be reduced 
to 64' comes out 0.35 mile. This, then, would be the actual 
width of the widest part of the Sun's image. Now when Venus 
is in inferior conjunction one mile on her surface subtends 
0.008" as seen from the Earth. The apparent width of the Sun's 
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image would then be 0.003' ^i^ its widest part. It extends over 
13^^ of Venus* circumference, which, since Venus' diameter at 
this time is 64', corresponds to a length of 7.5'. Its width will 
decrease more rapidly near its ends than toward the middle, 
and so its mean width will be about two thirds of its greatest 
width, that is, 0.002''. Its apparent area is then 0.015 square 
seconds of arc. 

Now, according to our hypothesis, the width of the visible 
illuminated portion of Venus' surface, measured on her surface 
between the terminator and limb, varies from 5° 8' on the side 
toward the Sun to 8' on the opposite side. Its apparent width, 
being equal to the semi-diameter of Venus multiplied by the 
versed sine of its true width, varies from 0.128" to 0.0002*. 
Its mean width is about 0.064", and since its length — the cir- 
cumference of Venus — is about 200', its area is some 12.8 
square seconds, or about 850 times that of the Sun's image. 
We may determine the relative brightness of equal areas of the 
surfaces of the Sun and Venus as follows : The Sun's apparent 
radius is about 960". Its apparent area is about 3,000,000 
square seconds. Venus at her greatest brightness is about 40' 
in diameter, but only about one fourth of her disk is visible. 
So her apparent area is about 315 square seconds. The Sun's 
apparent area is thus about 9500 times Venus'. But the Sun is 
of the —26\ magnitude on the ordinary scale, and Venus is 
never as bright as the —4th magnitude. The difference is 22^ 
magnitudes, which means that the Sun is 1,000,060,000 times as 
bright as Venus at her greatest brightness. But he appears to 
us rather less than 10,000 times as large. Therefore, a given 
area of his surface must be at least 100,000 times as bright as 
the same area of hers. The Sun's refracted image, which is, 
on our supposition, as bright intrinsically as his surface, must 
therefore be about 120 times as bright as all the rest of the 

, . • * 1 * *u A 0-003" X 100,000 

luminous nnef taken together, and —z or more 

° ° 0.128" 

than 2000 times as bright as an equally long piece of the oppo- 
site side of the ring. 
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Now, on the second of last December, it was noted both by 
Professor Young and by myself that the faintest part of the ring 
was just opposite the Sun, in just the place, as it now appears, 
where the refracted image should have appeared. This portion 
of the ring was scarcely visible, and not nearly as bright as an 
equal part of the opposite side of the ring. It was, therefore, 
not more than ^g-gVir ^^ bright as it should have been on the 
hypothesis that Venus has a perfectly transparent atmosphere 
with a horizontal refraction of 68'. 

In the case of Lyman's observation of December 8, 1874, 
when a was only 45', the width of the widest part of the solar 
image would on this hypothesis be 0.050", and that of the 
widest part of the true crescent 0.057*^. The side on which the 
solar image was should have been some 80,000 times as bright 
as the other. Lyman expressly states that it was fainter than 
the crescent proper. 

There are two things, however, which might greatly diminish 
the contrast between the Sun's image and the 'opposite part of 
the crescent. These are specular reflection of Venus* surface 
and absorption of light in her atmosphere. If the first of these 
occurred to any marked extent, a bright reflected image of the 
Sun, of the same extent along the limb as the refracted image, 
would be formed on the side of Venus next the Sun. Although 
it has been contended by Brett that there are indications of 
such a reflected image, the weight of evidence is strongly 
against it, and so we are not at liberty to explain the difficulty 
by this hypothesis. 

As for the hypothesis of absorption, since light reflected to 
us by Venus' surface has even a longer path through her atmos- 
phere than the refracted light, the contrast between the solar 
image and the neighboring parts of the limb would be as great 
as ever, no matter how great the absorption, and it would be 
impossible for the region where the Sun's image ought to be, to 
be the faintest part of the whole ring. 

If we assume that Venus' atmosphere scatters so much of 
the light passing through it that there is very little apparent 
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difference in brightness between the Sun's limb and the surround- 
ing illuminated air, and at the same time absorbs considerably the 
light passing through it, we avoid the last-mentioned difficulty, 
although we must suppose the absorption to be great in order to 
reduce the brightness of the side remote from the Sun to its 
observed value. But in this case the illuminated atmosphere 
would form a luminous ring around the planet long before she 
was near enough to the Sun to bring his refracted image into 
view. So we see that in any case the theory which ascribes the 
whole of the observed prolongation of the cusps to horizontal 
refraction is untenable. 

In fact, in the case of Lyman's observation above mentioned, 
if the horizonal refraction had been greater than 12' and the 
atmosphere clear, the Sun's image would certainly have appeared 
as a brilliant arc some 20° in length. Lyman's description of 
what he saw is : ''The ring was brightest on the side toward the 
Sun — the crescent proper. On the opposite side the thread of 
light was fainter, and of a slightly yellowish tinge." It is evi- 
dent that he did not see any such image of the Sun as is described 
above. 

Even if Venus' atmosphere were very hazy, we shall soon 
see that the observed prolongation of the cusps would be greater 
than it actually is, if the haze rose to a height of much more 
than 4000 feet above the surface. The atmosphere above this 
level must be relatively clear, and if the horizontal refraction at 
this level had been more than 12' the Sun's refracted image 
would have been visible. This would make the refraction at the 
visible surface of the planet 14', and this is the maximum value 
consistent with Lyman's observation. It corresponds to an 
atmospheric density about two fifths of our own. 

The phenomena preceding internal contact at the transits of 
Venus, when the part of her disk outside the Sun is surrounded 
by a line of light bright enough to be seen through the solar eye- 
piece, are undoubtedly due to the refraction of her atmosphere. 
Dr. C. S. Hastings has shown* that a satisfactory explanation 

'^Sidereal Messenger ^ i, 273. 
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of the observations can be found in the refracted image of the 
Sun produced by the rare upper layers of her atmosphere. The 
total deviation of the light is in this case, however, only a very 
few minutes of arc, and the presence or absence of denser and 
more strongly refracting layers in the atmosphere would be 
without effect upon this phenomenon. 

Under the circumstances, therefore, we see no more probable 
explanation of the phenomena than the hypothesis that the 
atmosphere of Venus, like our own, contains suspended particles 
of dust or fog of some sort, and that what we see is the upper 
part of this hazy atmosphere, illuminated by rays that have 
passed close to the planet's surface. This explanation makes the 
phenomenon exactly analogous to our own twilight. Consider 
a particle of haze at a height // above Venus' surface. Its 
horizon will be at a distance /, between which and h will exist 
the relation h = r (sec/— i), where r is the radius of Venus, 3850 
miles. If the distance of the particle beyond the geometrical 
terminator is less than /+22', it will be lighted by some part of 
the Sun, and if its distance beyond the geometrical limb is less 
than /, it will be visible from* the Earth. From this it follows at 
once that an envelope of haze around Venus of height h would 
extend the illuminated and visible areas by strips of constant 
width in just the way described in the first part of this article, 
and that the width of the strips (barring the penumbra) would 
be /. 

If refraction also occurred, it would widen the strip still fur- 
ther by its amount ro, and we should have for the total width 
s^=ro-\-t. Now we know that for the brighter portion of the 
extension of the cusps s = 62>' approximately; and we have 
proved that r^ is not greater than 14'. If we set ro = 0, then 
/=68', and we find h to be about 4100 feet. If ro= 14','/= 54', 
and h is 2600 feet. Between these limits must lie the height of 
that hazy lower part of the atmosphere of Venus which sends 
us light enough to be visible through the brilliantly illuminated 
foreground of our own atmosphere. For the fainter light seen 
by Schroeter j;=3°2i ' and k is 6| miles. The true extent of 
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the twilight, as Schroeter remarks, must be greater, since the 
part measured was bright enough to be seen through our own 
strong evening twilight. The full height of her atmosphere is 
probably much more than seven miles, and may well be twenty 
or thirty miles. To this last-mentioned height would correspond 
a maximum density of perhaps one tenth that of our atmosphere 
at sea level (supposing her atmosphere to be of the same com- 
position as ours) . This means of course the density of Venus' 
atmosphere at her apparent opaque surface. If this is a cloud- 
layer, or a layer of atmosphere so hazy as to appear opaque 
when viewed obliquely, the density at the surface of her (sup- 
posable) solid crust may be very much greater ; but we can 
know nothing about it. 

The amount of haze in Venus* atmosphere would naturally 
decrease at higher levels. If this change were uniformly gradual 
it seems hardly probable that the results obtained by so many 
observers, with very different instruments and conditions of 
observation, would have been in as good general agreement as 
is actually the case. It is therefore likely that there is a more 
or less abrupt decrease in the haziness of Venus' atmosphere at 
a height of about 4000 feet above her apparent surface. The 
transition between the lower hazy and upper clear layers is prob- 
ably not sharp, and this accounts perfectly for the divergence 
shown by some of the results for 5 — notably Barnard's — and 
also for the smaller values of s usually found when Venus is nearer 
the Sun and, therefore, seen through a brighter sky. 

The faintness of a small portion of the ring, which was noticed 
by Lyman in 1866 and again in 1874, may be simply explained 
by supposing a part of the 4000-foot haze-bank to be cut off by 
low mountains. 

A strong confirmation of the theory that Venus* atmosphere 
is less extensive than the Earth's is found in the spectroscopic 
observations of her atmosphere. These show, somewhat doubt- 
fully perhaps, the presence of water vapor and probably of 
oxygen, but in small quantities only, the telluric atmospheric 
lines being only slightly strengthened. The white, or at most 
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faintly yellowish tinge of the twilight side of the ring phase of 
Venus points the same way. The color of our sunset sky shows 
that the Earth's twilight band, viewed under the same circum- 
stances, would be yellow, or even red. 
To recapitulate : 

( 1 ) The observed prolongation of her cusps shows that the 
sunlit and visible areas on Venus extend about i°io' farther 
than they would on an opaque sphere without atmosphere. 

(2) This has usually been explained as the result of the 
refraction of a clear atmosphere, more than twice as extensive as 
our own ; but a consequence of this theory is that, when Venus 
appears as a luminous ring, a very conspicuous refracted image 
of the Sun ought to appear on that part of the ring farthest 
from the Sun ; and this image has never been seen, even when 
a refraction of only 12' would have produced it; nor will atmos- 
pheric absorption or haziness explain its absence consistently 
with the visibility of the complete ring unless we assume that 
the horizontal refraction at Venus' apparent opaque surface is 
less than 14' ; while a much smaller amount of refraction will 
explain the transit phenomena satisfactorily. 

(3) The observed prolongation of the cusps can be explained 
as due to twilight illumination of Venus' atmosphere, on which 
hypothesis the height of that part of her atmosphere which is 
bright enough to be seen through our own illuminated atmos- 
phere in the daytime is about 4000 feet. Schroeter's observa- 
tions show that the part of the atmosphere which can be 
seen through our evening twilight (and is probably less hazy 
than the previously mentioned part), is six or seven miles high. 
The total height of the atmosphere must be much greater. The 
observed irregularities of the luminous ring may be explained on 
this hypothesis by the presence of relatively low mountains or 
clouds on Venus. 

(4) We may conclude that there is no satisfactory evidence 
that the atmosphere of Venus is more than one third as dense or 
extensive as the Earth's, and that it is almost certain that no 
light reaches us which has been deviated by refraction through 
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more than 28'. If there are any denser parts of the atmosphere 
they must be so hazy, or absorb so strongly, that when seen hori- 
zontally they seem opaque. The spectroscopic observations of 
the absorption of Venus* atmosphere, and the color of her twilight 
ring, both fall in with the theory of its small density. More- 
over, Venus' surface temperature is probably higher than the 
Earth's, and the correspondingly higher molecular velocities of 
gases, together with the smaller force of gravity, lead us to 
expect an atmosphere of small extent and density. 

Princeton University, 
April 8, 1899. 



A PHOTOMETRIC METHOD FOR THE DETERMINA- 
TION OF THE EXPONENTIAL CONSTANT OF THE 
EMISSION FUNCTION.' 

By F. Paschen and H. Wanner. 

The law expressing the dependence of the intensity of the 
radiation / upon the absolute temperature T and the wave-length 
\ of *'the absolutely black body'* has, according to the theory 
of W. Wien,' the form : 

The correctness of this law has been rendered probable by the 
measurements of one of us on the energy spectra of different sur- 
faces.^ A better confirmation of the law has been given by more 
recent experiments with a source of radiation approaching closely 
to the ideal black body, as to which a report will be made later. 

Supposing that formula (i) expresses the correct law, it 
would be important to determine accurately its two constants, 
c^ and ^g. We shall describe here a photometric method which 
seems well adapted for the very accurate determination of the 
constant c^. 

The basis of the method is that the change of intensity of a 
limited spectral region of mean wave-length X corresponding to 
a change of temperature is given solely by the constant c^. 
Introducing Briggs' logarithms formula (i) gives for this case 

log/=yi — y2y» (2) 

where 

Vi = log (^1^"') • • • (O and 72--= ^ log ^ (2^) 

'^Sitzunssberichte der Akademie der Wissenschaften zu Berlin ^ 1 899, II. Session 
of January 12. 

• Wied. Ann., 58, 662, 1896. Si/zungsbfrichte, 1893, P* 55* 

3F. Paschen, Wud, Ann., 60, 662, 1897. 
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The corresponding curve is designated as an isochromatic 
line in the paper by Paschen already cited. It is a straight line 

if -= is made the abscissa and log/ the ordinate. To get the con- 
stant c^ it is only necessary to determine 72. j. ^., the inclination 
of the straight line. Since this determination reduces to that of 
the ratio of two intensities of equal wave-length, it does not pre- 
suppose an apparatus for measuring radiation, which registers all 
the radiation which strikes it. It suffices if the apparatus always 
indicates the same fraction of the intensity of the wave-length X. 
For this any kind of spectral photometer would be suitable. Illu- 
minate one of its slits from a constant source and the other with 
the light of the black body, and then in any spectral region, lim- 
ited as narrowly as possible, whose mean wave-length is to be 
measured, observe the ratio of the intensity of the black body to 
that of the constant comparison light at two different tempera- 
tures. From this we get the ratio of the intensities y^, and/g of 
the black body corresponding to the two temperatures T ^ and 
Zg. Determine 72 from the relation 

which follows from formula (2), and find the value of c^ from 

{2b). 

The superiority of this photometric method over the bolo- 
metric is due to the greater sensitiveness of the human eye for 
radiation of visible wave-lengths than of the bolometer, so that 
it is possible to carry out the observations with a comparatively 
narrow slit, and hence in a quite pure spectrum. According to 
Paschen's experiments, the purity of the spectrum is important 
for the measurement of isochromatic lines. A disadvantage of 
the method is that temperatures comparatively high, and hence 
difficult to measure, must be employed in order to get light of 
sufficient brightness in the visible spectrum. Although we had 
at our disposal for this purpose only a rather weak photometer 
optically, and although on the other hand we were not in a 
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position to measure very high temperatures with sufficient accu- 
racy, we have nevertheless attempted to test the utility of this 
method for an average range of temperatures. 

A Konig spectral photometer, the slit and ocular diaphragm 
of which were made as narrow as possible, served for the experi- 
ments. The experimental light was to approximate that of the 
absolutely black body as closely as possible. It was emitted by 
a surface of about 6 sq. mm, blackened with oxide of iron, and 
uniformly incandescent, the middle point of which was situated 
exactly at the center of a reflecting sphere of 15 cm diameter, 
that hemisphere only being employed which could receive light 
from the radiating surface. Opposite the radiating surface . was 
a narrow aperture through which the radiation fell on the slit. 
According to Paschen the radiation of the absolutely black body 
is given out by the surface at the center, if the reflecting surface 
performs perfectly. The hollow hemisphere was of bronze, well 
polished, and projected fairly good images of objects at its cen- 
ter, which seemed to fall at the same place, from whatever por- 
tions of the spherical surface they might have been reflected. 
The radiating surface was the middle part of a platinum strip 
of 0.2 mm thickness, 4 cm length, and 7 mm breadth, obtained 
by folding a sheet of o.i mm thickness, and 14 mm breadth, 
and it radiated with uniform brightness, being heated by an 
electric current. The junction of a thermo-element of platinum 
and platinum-rhodium wires of 0.15 mm thickness was placed 
between the two platinum strips, pressed close against them, 
but electrically insulated from them, and at the center of the 
part serving for the experiments. The junction was hammered 
flat, and the connecting wires were insulated for a sufficient 
space between the two parts of the strip so that the heat con- 
duction could not affect the junction. The other junctions of 
the thermo-element lay in melting ice, as the calibration of the 
element, which was kindly carried out for us by Mr. Holborn, 
depended upon this arrangement. The thermo-electromotive 
forces were compensated with accumulators and these were com- 
pared with a Clark cell. 
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The comparison light was a ground-glass disk illuminated by 
an incandescent lamp as the window of a lantern. The incan- 
descent lamp was fed by an accumulator, the current of which 
remained sufficiently constant during experiments lasting one or 
two hours. 

In the following table of the results of our observations X 
signifies the mean length in ft of the spectral region investigated, 
7" the absolute temperature of the comparison light, and /the 
intensity of the radiation in units of that of the comparison light. 
The slit and the ocular diaphragm were always kept at the same 
width. We give for each measurement, under the heading ** slit- 
width" the extent in ft of the spectrum lying within the ocular 
diaphragm. A value of c^ was calculated for each wave-length 
by combination of pairs of values according to the above for- 
mula. These individual values received weights according to 
the distance of the points included in the calculation, and then 
gave the mean placed below the table. 

A = 0.6678^1 (slit-width = o.oii4/x). 

Results of observations: 
I 334 56 

Log./, 0.12840-1 0.80122-1 0.71170 0.71560-1 0.28332 0.25078-1 

T I 135.3 1234.9 1405. 1 1222.2 1322.9 I 152.3 

By combination of the different points the following values 
were calculated for ^g, with their weights : 



Nos. 


X and 9 z and 3 


X and 4 


z and 5 


a and 3 


9 and 4 


^2 


14563 14395 


I422I 


I4418 


14273 


13762 


Wt. 


I 3 


2 


I 


2 


I 


Nos. 


a and 6 3 and 4 


3 and 5 


3 and 6 4 and 5 


4 and 6 


5 and 6 


C2 


I4581 14896 


14382 


14388 14017 


I4187 


I44OI 


Wi. 


I I 


2 


3 I 


2 


I 




A 0.6678ft (slit-width 0.0069ft) 


• 






Results of observations. 


Calcu 


1 at ion. 




No. 


log./ 


T 


Nos. 


^2 


Wt. 


I 


0.29308-1 


II65.7 


I and 2 


14348 


3 


2 


0.57570 


1 388. 1 


I and 3 


14283 


3 


3 


0.57138 


1386.6 


4 and 2 


14073 


2 


4 


0.57578 


1205.3 


4 and 3 


I4II3 


2 
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The second series was made on another day and with a 
different intensity of the comparison light than the first. As a 
mean of the differently weighted numbers we obtain, for wave- 
length 0.6678ft, ^2= 14322, mean error = 62. 

X = 0.5893 ft (slit-width = 0.0060 ft). 

T 1 183.7 1 180.9 1271.6 1270.8 1 176.4 

Log./ 0.41558-1 0.40556-1 0.04804 0.03386 0.36542-1 

T 1333.9 1 177.9 

Log. / 0.45220 0.39610-1 

A second series with another comparison light: 

T 1214.9 1391.1 1388.5 1203.8 

log./ 0.30328-1 0.41744 0.40112 0.24866-1 

A calculation in the same manner as for X = 0.6678 At 
gave for c^ similarly varying values, the mean of which is 
^2 = 14489, mean error ^74. 

\ = 0.5016 ft (slit-width = 0.0041 ft). 

T 1 186.0 1316.5 1401.5 1399.1 1309.9 1191.6 

log./ 0.50146-2 0.53278-1 0.15238 0.13086 0.52928-1 0.61174-2 

With another comparison light : 

T 1210.7 1376.6 1377.2 1203.8 

log. / 0.96886-2 0.1 78 10 0.22324 0.88402-2 

Computation gives for c^ the mean value 14467, mean 
error = 143. 

X = 0.486 1 ft (blit-width ^ 0.004 A*)- 

T 1242.5 1416.6 1415.7 1238.6 

log. / 0.38658-1 0.66332 0.67458 0.36348-1 

Computation gives as a mean c^ = I4473» niean error = 62. 

Summary of the values of c^ obtained at a different wave- 
length : 

X 0.6678 0.5893 0.5016 0.4861 Final mean 

Ca 14322 1448Q 14467 . 14473 14440 

7n.e. 62 74 143 62 
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The figure shows the isochromatic lines for three wave- 
lengths with the observed points (logy) as a function of -^. We 
conclude that formula (l) is confirmed within the limits of pos- 
sible errors, as far as it can be tested by our observations. First, 
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the isochromatic curve of each wave-length is a straight line, 
and second, the isochromatic lines of different wave-lengths give 
an equal value for Cj, within limit uf possible errors of observa- 
tion. The agreement is further extended, however, in a remark- 
able manner, for the value obtained is identical with that gotten 



306 F, PASCHEN AND H, WANNER 

by an entirely different method with bolometric measurements. 
We have found as a mean value c^ = M440 (m X abs. temp.), 
and believe we must admit an uncertainty of some 2 per cent. 
The earlier measures of Paschen already cited {^loc. cit,, p. 707) 
gave, for the different bodies investigated, values of the constant 
c^ which lay between 15000 (for platinum) and 13700 (for 
carbon). The surmise was there expressed that the value for 
the absolutely black body would be about 14000. 

The bolometric measurements on the wave-length of the 
energy-maximum at different temperatures,' recently made by 
one of us, gave for this same radiation on which our photometric 
measures were made results which led to the same value of the 
constant c^. For example, the following values of the tempera- 
ture and the corresponding wave-lengths X^ of the energy- 
maximum were found. 

Temp. 
C. 

1083.5 
991.0 
867.9 

805.7 

666.8 

523.3 
398.2 

195.7 

The radiation seems somewhat further from the ideal at 
lower temperatures than at higher, for the total radiation in the 
range from 100° to 400° C. increases by about 5 per cent, if the 
iron oxide in the reflecting sphere is replaced by a surface black- 
ened with lampblack. The energy curves in this case gave 

390.4* C. 663.4' Abs. X^=4.355 X«X 7^=2889 

256.2 529.2 5.468 2894 

hence the same value as for iron oxide in the reflecting shell at 
higher temperatures. As to the method of determining accurate 

'The lampblacked bolometer strip employed was situated at the center of a 
small, accurately reflecting hemisphere, which repeatedly returned upon it the radiation 
it reflected, and hence thereby made it blacker {loc. cii.^ p. 722). 





^«^'*) 


A^ X T (Abs.) 


Abs. 






1356.5 


2.138 


2900 


1264.0 


2.293 


2898 


1 1 40.9 


2.537 


2894 


1078.7 


2.674 


2884 


939-8 


3.076 


2891 


796.3 


3.605 


2870 


671.2 


4.265 


2862 


468.7 


6.026 


2826 
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values of the wave-lengths of the energy maximum we refer to 
Paschen's memoir already cited. The normal energy curves 
whose maxima are here given have the form required by formula 
(i) within the limits of errors, if they are treated with the 
proper corrections. 

By formula (i) the value of c^ should be five times the 
product X^X2", hence ^2 = 2890x5=14450 [ftXabs. temp.]. 
This value also is not to be regarded as definitive. 

We therefore hold that the utility of the photometric method 
is demonstrated, and we believe that it will furnish a very 
accurate value of the exponential constant, if, first, a more 
powerful photometer is employed which permits lower tempera- 
tures to be brought into the range of measurement, and, second, 
if the black body and the determination of its temperature be 
more perfectly realized. 

Technische Hochschule, Hannover. 



ON THE VISIBLE SPECTRUM OF NOVA SAGITTARII 

By \V. W. Campbell. 

The new star in Sagittarius, recently announced by the Har- 
vard College Observatory, was observed by Mr. Wright and 
myself on the morning of Wednesday, April 5. The instruments 
employed were the 36-inch equatorial and the large Brashear 
visual spectroscope. A dense 60*^ flint prism, and eyepiece 
magnifying 13 diameters were used. 

The star was of the 11-12 magnitude. In addition to a 
faint continuous spectrum, extending from X4500 to X5700, nine 
bright lines were observed. Seven of these lines were located 
by means of a fixed micrometer wire, and readings of the grad- 
uated circle, using the spectra of hydrogen and sodium for 
reference. 

The wave-lengths and estimated relative intensities of the 
nine lines observed by me are given in the following table. For 
purposes of comparison, they are followed by the wave-lengths 
and estimated intensities of the principal bright lines observed 
in the August 1892 spectrum of Nova Aurigae, and by the 
wave-lengths of corresponding lines in well-known nebulae. The 
positions of the first and eighth lines were estimated, but not 
measured. 



Nova Sagittarii 


Nova Aurigae 


Nebulae 


X 


I 


A 


I 


X 


436? 


I 


436 


8 


436 


462 


4 


463 


7 


464 


470 


4 


468 


4 


469 


486 


10 


486 


10 


486 


496 


20 


49.5 


30 


496 


501 


60 


500 


100 


501 


518 


3 






518 


527? 


2 


[527] 


3 


527 


576 


/ 


575 


10 


575 
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There is no doubt that these lines in the two new stars are 
identical. The apparent discrepancies may safely be attributed 
to uncertainties of measurement arising from the faintness of the 
spectra. The spectrum of Nova Sagittarii is therefore the spec- 
trum of a planetary nebula. 

The lines XX575 and 436 in the new star in Auriga gradu- 
ally diminished in brightness, and practically disappeared from 
view. The first of these lines exists in the new star in Sagit- 
tarius, and the second has a possible correspondence in the faint 
line near X436. 

Lick Observatory, 
April II, 1899. 



THE VARIABLE VELOCITY OF i PEGASI IN THE 

LINE OF SIGHT. 

Bv \V. W. Campbell. 

The velocity of t Pegasi (a = 22** 02", S = 24*^ 51') in the line 
of sight is variable. Partial reductions of four plates obtained 
with the Mills spectrograph yield the following velocities with 
reference to the solar system: 

1897 October 7 —51km 

1898 August 19 — 45 

'* 29 —37 

September 28 — 22 

The complete reductions of the plates may change these 
results very slightly. 

Lick Observatory, 
April 10, 1899. 
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THE VARIABLE VELOCITY OF DRACONIS IN 

THE LINE OF SIGHT. 

By W. W. Campbell. 

The velocity of ^Draconis {a= i6** 0", 8= + 58^ 50') in 
the line of sight is variable. Four photographs obtained with 
the Mills spectrograph give approximate velocities with reference 
to the solar system as below. 

1898 March 23 - - - - ^ . -fi6km 

1898 April 6 - - • - - - - —34 

1899 April 8 +10 

1899 April 10 —16 

The complete reductions may change these results slightly. 

Lick Observatory, 
April II, 1899. 
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A COMPARISON OF THE VISUAL HYDROGEN SPECTRA 
OF THE ORION NEBULA AND OF A GEISSLER 
TUBE. 

By W. W. Campbell. 

The question as to whether the spectrum of hydrogen in the 
nebulae is identical with that obtained from the hydrogen in a 
Geissler tube is one of considerable interest. It has occupied the 
attention of several able observers. So far as I am aware, all 
the methods employed were indirect : the two spectra being 
observed at different times, and possibly with some of the con- 
ditions not strictly comparable. 

It occurred to me that it would be a simple matter to observe 
both spectra simultaneously: the light from the nebula — the 
Orion Nebula for example — entering one half the slit, the 
artificial light entering the other half; so that the two spectra 
would be seen side by side in the eyepiece. By changing the 
distance of the hydrogen tube from the slit, the artificial spec- 
trum could be reduced to any desired intensity, in order ta 
equalize the lines in the two spectra.' 

It was hoped that observations made in this manner would 
settle the question as to the relative intensities of the visual 
hydrogen lines in the two spectra ; and, further, that the bright- 
ness of the nebular lines could be described, — from the distance 
between tube and slit, and from the constants of the telescope 
and electrical apparatus, — so that astrophysical investigators in 
laboratories would be able roughly to simulate the nebular lines 
in their natural brightness. 

Comparisons of the spectra of the Orion Nebula and of a 
hydrogen tube were made in December, by Professor Keeler,. 

» I take pleasure in sayin>? that, on mentioning the proposed observations to Mr. 
Wright, he at once outlined a similar method of direct comparison which had 
previously occurred to him, differing from my method only in that he proposed to use 
Nicol prisms for reducing the artificial spectrum to any desired intensity. 
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Mr. Wright, and myself. I had arranged the auxiliary apparatus 
so that the tube could not be moved more than two meters from 
the slit. The nebular spectrum being relatively much fainter 
than was anticipated, it was necessary to occult the entire tube, 
except about 2 mm of the capillary. Under these conditions the 
intensity of the artificial spectrum was not under good control. 
Nevertheless, the observations were very decisive as to the relative 
intensities of the lines in the two spectra ; but since these obser- 
vations are in accord with a second set made on April 4, under 
essentially perfect conditions, it will suffice to describe the appa- 
ratus used on the latter date, and the results obtained therewith. 

The observations were made with the large Brashear spectro- 
scope attached to the 36-inch telescope. A 60° flint-glass prism 
and an eyepiece magnifying 13 diameters were used. The 
spectroscope was carefully adjusted, with the slit — I mm wide 
and 13 mm long — in the Hfi focus of the 36-inch object-glass. 
One half of the slit was covered by a total-reflection prism, 
whose incident and emergent faces were about 1 1 mm square. It 
was cemented in position very carefully, so that its edges were 
parallel to the slit, and its emergent face was parallel to the slit- 
plate. A light w^ooden rod extended to a distance of 4 meters 
from the spectroscope. This rod supported the hydrogen tube so 
that, as the telescope moved, the center of the tube remained in 
the normal drawn from the incident face of the prism. The tube 
was completely enclosed in a small wooden box, whose inner surface 
was painted a dull black, to avoid reflections. The long support- 
ing rod was purposely fixed at a considerable distance to one side 
of the line joining the tube and prism, so that light reflected from 
the surface of the rod would not enter the collimator to an 
appreciable extent ; but the additional precaution of painting the 
exposed surface of the rod a dull black was taken. An aperture 
controlled by a slide was arranged in the side of the small box 
toward the slit, so that any length of the capillary of the tube, 
up to 50 mm, could be exposed. 

It is evident that, according to the above arrangement of the 
apparatus, the collimator lens would be filled with light from 
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a nebula, but that only a small portion of it would receive light 
from the tube. Special care was taken, in cementing the prism, 
and in supporting the tube, that the artificial beam of light should 
pass about centrally through the collimator lens, and therefore, 
about centrally through the prism. The question of resolving 
power cannot be said to have entered appreciably, on account of 
the very wide slit used ; but the precaution was taken to mount the 
tube with its length parallel to the collimator, since this is the 
position of the tube permitting the maximum resolving power. 

Inasmuch as the H^ line in the nebulae is accompanied by 
the two principal nebular lines, whereas the H^ line from the 
tube stands alone, a diaphragm was arranged to occult the region 
on the red side of X 4900 in both spectra, in order to eliminate 
very evident subjective effects. 

The slit was directed upon the bright region of the Orion 
Nebula just preceding the Trapezium ; and the hydrogen tube 
was placed 3.8 meters from the slit. The observer instructed 
an assistant at the tube to increase or decrease the length of the 
capillary exposed, until the //)8 lines in the two spectra were 
estimated to be equally bright. The length of the exposed part 
of the capillary was then measured. In the same manner, the 
//7 lines were equalized. Likewise, the length of exposed 
capillary was obtained when the Ha line from the tube was 
just visible. The observations made by Professor Keeler, Mr. 
Wright, and myself, are tabulated below: 

LENGTH OF CAPILLARY EXPOSED. 



Observer 


iV/3 lines equal 


Hy lines equal 


Artificial 
Ha visible 


Keeler 


9.0 mm 
6.8 

7.4 


13.1 mm 
12.7 

131 


7.4 mm 
6.7 
15.9 


Campbell 


Wright 





The conclusions to be drawn from this table are evident. 
I . When the //)8 lines were equally bright, the nebular Hy 
was much stronger than the tube H'y ; and, for two of the 
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observers, the //7 from the tube was visible, though the Ha 
nebular line was invisible. 

I I . Increasing the length of exposed capillary until the 
two //7 lines were equalized, the H^ from the tube was much 
stronger than the nebular //)8 ; and the Ha from the tube was 
very easily visible, whereas the nebular Ha was invisible, as 
before. 

III. The relative intensities of the hydrogen lines from the 
nebula and from the tube are, therefore, not the same : the nebular 
lines are relatively the stronger toward the violet, the lines 
from the tube are relatively the stronger toward the red end of 
the spectrum. 

Before reaching the slit, the nebular light had passed through 
the Earth's atmosphere at zenith distance 60°, or through two 
units of thickness, and through the 36-inch lenses. Similarly, 
the artificial light passed through the glass wall of the tube, and 
through the diagonal prism. Recalling that H^ light is more 
strongly resisted in its passage through such media than are //JS 
and Ha light, it is clear that the real differences of relative 
intensity in the two spectra must be even greater than the 
observed differences. 

If the spectra of two hydrogen sources, one of very low 
and the other of very high temperature, could be observed 
simultaneously by methods somewhat analogous to the above, 
the effect of temperature upon the relative intensities of the 
lines might become perceptible ; in which case our observations 
would probably afford valuable evidence as to the tempera- 
ture of the Orion Nebula. But this would seem to be a prob- 
lem for the laboratory, rather than for the observatory. 

Additional constants for defining, approximately, the bright- 
ness of the nebular lines are as follows : 

The 36-inch telescope, 

Aperture : focal length : : i : 19.3. 
Electromotive force, 6 volts; Ruhmkorff coil, 20 cm in length, 
10 cm in diameter, spring interrupter, 20 breaks per second, 
yielding a spark 22mm long in air; hydrogen tube, by Miiller of 
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Bonn, 24 cm long, with large capillary 6 cm long. In the 
December observations, 10 volts were used, with a different 
tube, giving the same qualitative results. 

The Hfi light of the Orion Nebula, in the image formed by 
the 36-inch telescope, is matched by the Hfi component of the 
light radiated from 8 mm of a weakly-agitated tube, at a distance 
of 3.8 meters. Measured absolutely, the three principal lines 
in the Orion Nebula spectrum are extremely faint. They are 
so faint that I am wholly unable to distinguish differences in 
their color. In this case, and in other similar cases, of lines so 
faint that the observer cannot distinguish differences in their 
color, I doubt whether the Purkinje effect can enter to any extent 
whatsoever. And in all investigations of this effect, by means 
of measures on artificial light, it would seem to be essential that 
the initial intensities of the artificial lines should equal those of 
the nebular lines in question. 

Lick Observatory, 
April 17, 1899. 



PHOTOGRAPHIC EXTINCTION.' 

By Egon v. Oppolzer. 

So FAR as known to me, Schaeberle*s memoir' on ** Terrestrial 
Atmospheric Absorption of the Photographic Rays of Light" is 
to be considered as the most extensive investigation of the effect 
of atmospheric extinction on the photographic determination of 
star magnitudes that has appeared up to the present. The dis- 
cussion of his series of observations leads him to surprisingly 
strong extinctions at small zenith distances, which are quite con- 
tradictory to general experience.^ He represents his observa- 
tions by the purely empirical interpolation formula 



^ = ^„[i-/tan((^y)]'. 



B and B^ are the photographic magnitudes at zenith distance z 
and at the zenith, and / a constant depending solely on the 
atmospheric conditions prevailing at the time. Nothing more 
could be desired in the way of complexity, as the form of the 
expression at once shows. Indeed, if we share with Schaeberle 
the view — and one meets with this repeatedly from other sides 
— that Laplace's theory of extinction has also an empirical char- 
acter, we should be justified in fitting an expression of any desired 
form as closely as possible to the observations. This view, how- 
ever, cannot be opposed forcibly enough. Laplace's theory is 
built up on a perfectly natural foundation, and neglects only 
what is entirely permissible, in view of the slight accuracy of 
photometric measurements. It is therefore not surprising that 
the most recent observations at mountain stations satisfy the 

^ Sitzungsberichte der K. Akademie der fViss. in fVien. CVII, AdfA. II, December 
1898. 

^ Contribt4Hon5 from the Lick Observatory ^ No. 3. Sacramento, 1893. 

3SCHEINER, Die Photographie der Gestinie^ p. 233, 1897. 
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theory in the most complete manner.' I desire here to bring 
out the foundations of the theory, because the justification of 
the following conclusions is thus more clearly expressed. 

If a light-ray of definite wave-length and intensity i penetrates 
a medium, whose coefficient of absorption v for the given wave- 
length as well as its refracting power a is a function of the posi- 
tion, the intensity /at a definite point may be found from the 
known law of absorption 

the integral being extended along the ray to the given point. 
As usual ds designates the arc differential of the light-ray. 
Laplace now assumes that the coefficient of absorption is pro- 
portional to the density or the refracting power — a law highly 
plausible for gases. Since the decrease of the density of the 
Earth's atmosphere with the height is very closely known, the 
integral is completely defined, and, if an isothermal decrease of 
density is assumed (which, as already said, is permissible in 
view of the inaccuracy of photometric measures),^ we obtain the 
expression 

log '^ = — Vo^o\ I : — )> 

/o V ifto sm z) 

where 

y ^ intensity at the observed zenith-distance 2, 
J^ =L intensity at the zenith, 

Vo = coefficient of absorption for unit density of air, 
tto = constant of refraction ^ refractive power at the place of obser- 
vation, 

R = astronomical refraction at zenith distance z. 

If the constant VqU^ is given for a locality of observation, 
the value of the extinction log -^ is deducible. v^ and a^ are 

Jo 

* MuLLER, " Photometrische und spectroskopische Beobachtungen, angestellt auf 
dem Gipfel des Santis." Potsdamgr PublicafioncfiyZf 1 89 1. '* Untersuchungen iiber 
die Absorption des Sternenlichtes in der Erdatmosphare, angestellt auf dem Aetna 
und in Catania. Ibid.^ 11, 1898. 

'Seeliger, Ufb^r die Extinction des Lichtes in der Attnosphdre. Sitzber. 
Miinchen^ 21, 247, 1 89 1. 
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functions of the wave-length, and a^ is moreover also dependent 
on the density, and hence on the atmospheric pressure and the 
temperature. On the other hand, as indicated by the theory of 

refraction, the factor (i : — ) is to be regarded from the 

\ Go sm z) ^ 

standpoint of the theory of extinction as independent of a^ as 

far as £r=85^. The values of extinction for other wave-lengths 

are accordingly proportional to each other, whence 

Jo o o J o 

The above Laplace expression holds for every wave-length, 
as follows from the mode of derivation, and presents itself as a 
matter of course when anyone undertakes the problem of photo- 
graphic extinction. 

Entirely aside from the confirmation of Laplace's theory, a 
re-discussion of Schaeberle's observations seems very desirable 
on account of their surprising results, which, as we shall later see, 
have their cause in the unfortunate choice of the expression of 
the function, as this expression appears entirely unsuited to 
represent the significant features of the extinction. 

The photographic stellar magnitude is determined by the 
size of the star disk. The problem of photographic extinction 
may therefore be regarded as solved wheii we can find the diam- 
eter D^ at the zenith frorn the diameter D^ of a star photographed at 
the zenith distance z. In order to speak at all of a photographic 
magnitude m\ the establishment of a law of diameters 

fn=f{D) 

is necessary, which gives a relation between the visual stellar 
magnitude and the measured diameter D. If this relation has 
been obtained for a given plate from several stars of known 
magnitude, the diameters of the remaining stars will conversely 
yield magnitudes which may now be termed photographic. In 
the determination of this relation it is of course necessary that 
the stars of known magnitude belong to a single spectral class 
and therefore possess the same energy-spectrum. If we provi- 
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sionally assume that our atmosphere is a **gray " ' medium, i. ^., 
that it weakens each wave-length in the same ratio, the energy- 
spectrum of the stars will remain unchanged, and the visual 
magnitudes m^ altered at different zenith-distances by the 
extinction must be found equal to the photographic fn\. 
Mathematically expressed, these two equations must hold good : 

m,= m\=f{D;) 

The subscript zero indicates that the letters refer to the zenith. 
These two equations give 

£^m,= m,— m, = f{D,)—f{D,)=m:—m; = ^'m,, (i) 

With this the problem of photographic extinction is solved, on 
the assumptions already made. A m^ is the zenith reduction in 
magnitudes, which by the definition of star magnitudes stands in 
a simple relation with the above mentioned zenith reduction in 
logarithms of brightness, and can therefore be calculated on the 
basis of Laplace's theory or taken directly from the table of 
visual extinction. These relations exist : 

Aw,-T= m^ — ;//o= log ^ = — Vo a^ ( i : ) . 

0.4 ^ /o 0.4 V ao sm zl 

The assumption that our atmosphere is a *'gray " medium 
does not however fit the case. Direct observation of the setting 
or low Sun shows that the atmosphere extinguishes the more 
refrangible rays the more strongly, and this has been numeri- 
cally demonstrated in an incontrovertible manner by the 
researches of Miiller* and of Langley. While 10 per cent, of 
the red rays are absorbed, the absorption of the most refrangible 
rays rises up to 40 per cent. As the latter chiefly affect the 
photographic plate, it is evident that our assumption does not fit. 
Therefore the atmosphere seriously changes the energy spectrum, 
and hence the visual and photographic magnitudes, varied by 
the extinction, will deviate from each other. We shall now take 
this effect into account. 

* Helmholtz, Handbuch der physiologischen Optik^ p. 280, 1867. 

* Die Photometrie der Gestirne^ p. 1 40, 1 897. 
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The assumption is permissible that light of a limited spectral 
region is chiefly effective on the plate. The same thing is pre- 
supposed in visual extinction, the justification of which has been 
shown by Seeliger i^loc, ciL^ p. 252). This range of wave-lengths 
may lie for a given kind of plates at a point in the spectrum for 
which the coefficient of absorption is v"^ and the refractive power 
a\. Then we have the proportionality before mentioned 

log ^ = log -^ . 

Passing to magnitudes and placing 







''otto 



''oao 



a quantity appropriately called the constant of photographic extinction^ 
we get 

that is, the photographic reductions to zenith are proportional to 
the visual. It is to be remarked here that the constant k depends 
quite entirely upon the kind of plates, so that very discrepant 
values would be obtained for orthochromatic plates. There can 
therefore be no thought of an absolute constant of photographic 
extinction, which should depend, for instance, solely upon the 
constitution of the air. It is doubtless to be assumed that /c 
would be very nearly the same for the kinds of plates in general 
use. 

It may be further assumed that this constant also depends on 
the length of exposure, since with an increase of exposure the 
less refrangible parts of the spectrum also come into activity, so 
that the effective range of wave-lengths is extended and shifted. 
This consideration also leads to the view that our principal 
assumption that a limited range of wave-lengths is chiefly effect- 
ive on the plate is probably very nearly fulfilled with the com- 
paratively short exposures, amounting at most to 16 seconds, 
with which we have to do. The relation last found can now be 
introduced in equation (i), xAm, being placed for Aw;, and 
we fifet 
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This equation has now the duty of representing the photo- 
graphic extinction by a new constant k and the known visual 
zenith reduction. If the observations should give a value of ic 
near to unity, the atmosphere would be very nearly a gray 
medium. 

I now pass to the discussion of Schaeberle's observations on 
the basis of the equation just obtained. We must previously 
decide, however, as to the function/, — as to the law of diameters. 
For this I shall employ Scheiner's law {loc, cit,, p. 215) which at 
once commends itself on account of its simplicity, and has stood 
the test for intervals up to four magnitudes. The observations 
to be discussed are far from reaching these limits, since with the 
longest exposures of 16 seconds the differences due to extinction 
amount at most to two magnitudes, because we do not wish to 
go below 80° of zenith distance. // seems to me to be entirely 
wrong to pass this limit in the investigatio?i of the photographic extinc- 
tion, so long as the photographic magnitudes are determined from diam- 
eters. The unsteadiness of the air increases considerably at these 
zenith distances, and is known to affect determinations of magni- 
tude very seriously, so that it cannot per se be denied, that with 
sufficient exposure and sufficiently bright stars, the photographic 
diameter finally at large zenith distances increases with the zenith 
distance as a result of the unsteadiness of the air. To this is 
added that the assumptions we have made are open to suspicion 
beyond this limit of zenith distance, and the further circumstance 
that at such low altitudes small disturbances have an exaggerated 
effect. 

By introducing Scheiner's law into the general formula we 
at once get ; 

This expression could be now employed, since Schaeberle pho- 
tographed the same star at various zenith-distances, on a single 
plate and night, with exposures of 2% 4*, 8*, and 16*, at each 
zenith-distance, and then most carefully carried out measures of 
the diameter of the image D^ The zenith reduction Aw^ is, 
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moreover, calculable from the coefficient of extinction deter- 
mined for other localities and from the ordinary refraction 

m 

tables. Experience has shown this theoretical transfer of the 
coefficient of extinction to be very dubious, as it seems to be 
very dependent upon the place of observation. I have there- 
fore allowed myself the very simple procedure of taking 
directly from Miiller's table the extinction (A;«,) as deduced 
from his observations on the Santis. Since the extinctions are 
proportional to the atmospheric pressure, as far as we shall go 
in zenith-distances, it follows that, 

A;//_ = X(A;;/_) , X^— 5- =1.16, 

569 

where \ is the ratio of the pressure at Mt. Hamilton (1283 m) 
to that at the Santis (2500m). The introduction of this con- 
stant of course produces no complications as it will be deter- 

mined at the same time with the quantity 7 1 if we employ the 
Santis extinctions. Our equation therefore reads : 

D, = D, — \\\m,. 

p 

Letting x^D^ and>'=-A, the equations of condition are 



*x » 



in which A/;/^ was taken directly from Miiller's table. I have 
selected from Schaeberle*s plates two belonging to the fourth 
series of observations to which he assigns the most weight. We 
shall see that the extinctions derived from these two plates by 
Schaeberle's formula agree with those deduced from the combi- 
nation of all the series, so that these plates perfectly satisfy his 
conditions. Moreover, the first plate satisfies our assumptions, 
as it goes to zenith-distance of 80°, and shows numerous 
exposures at lower distances. The second plate does not satisfy 
our assumptions, as it contains almost exclusively zenith-dis- 
tances from 80^ to 89.5° ; but I nevertheless include it because 
the comparison of the results of the plates will give the confir- 
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mation of what we have previously discussed. It will therefore 
serve only for purposes of orientation. 

I wish to cite the measures of Schaeberle in full, and have 
collected them, with the results of the computations, in Tables 
I and II. 

Column I contains the apparent zenith-distance z ; column 2 
the diameter D^, in units of the fourth decimal of the English 
inch, which was unfortunately measured but twice by Schaeberle ; 
column 3 the mean of the two measures ; column 4 the differences 
(computation — observation) according to my formula from x and 
y, determined by the method of least squares ; column 5 gives 
the difference (C. — (9.) according to Schaeberle. These five 
columns are for the exposure of 2*, — the others require no further 
explanation. The meaning of the fifth column, headed Sch., 
requires explanation. Schaeberle's equations of condition are 

where Q and a signify brightness. He converts the measured 
diameters into brightness with the aid of a table intended to 
exhibit the relation of star magnitude, brightness, diameter, and 
exposure, and the brightness first appears in the equations of 
condition, evidently an unnecessary introduction of new hypoth- 
eses. From the a and )8 found by Schaeberle by the method of 
least squares, I have therefore computed backward the diam- 
eters, with the aid of his table, and have compared them with the 
observed values, the result of which is given in column 5. 

Table I shows an extremely good agreement both for Opp. 
and Sch., as is indeed not surprising when we examine the indi- 
vidual measures of the same diameter, which exhibit differences 
of 10 units frequently, and not seldom of 15 units. But while 
there is no progression in case of Opp., it cannot be denied that 
such occurs in case of Sch. The sums of the squares of the 
errors \n7i\ are also smaller for Opp. The effect of the length 
of exposure is clearly shown in x and ^ — in ;r, because it denotes 
the diameter for the zenith, in ^, because it includes the constant 
b, which is very dependent upon the exposure. 
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TABLE I. 

Plate I. (Mt. Uamillon, November 4, iSgi.) 
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Passing to Table II, the conditions are entirely r 
although the errors for both Opp. and Sch. are within permissi- 
ble limits, the agreement for Opp. is distinctly worse than for 
Sch., and the sums [w«] are greater for Opp. A decided pro- 
gression is perceptible for Opp. and also for Sch., and in the 
same sense as for the first plate. That this poor agreement has 
its chief cause in the unsteadiness of the air appears from the 
following considerations : 

Even on Plate I the decrease of diameter from zenith dis- 
tance 77.5° to 79.5°, or two full degrees, is zero for the expo- 
sures 2' and 4', and is extremely slight for 8' and i6'. The 
same thing appears on Plate II, for we notice that at the large 
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TABLE II. 

Plate II. (Ml. Hamilton, November 6, iSgi.) Baroi 
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zenith-distances there occurs no rapid increase such as demanded 
by that extinction, but that from 85.2° to 86.1° and from 86.1° 
to 87.2°, or from degree to degree, the diameters decrease by 
the same amount. We also perceive what I have already men- 
tioned, that for the short exposure of 2' the unsteadiness of the 
air is not of the same consequence, and the best agreement 
occurs here. This would not perse be expected, as the exposure 
was made by raising and lowering an objective cap. An error 
of a few tenths of a second, unavoidable with this method of 
exposing, of course affects the short exposures very seriously. 
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In spite of the poorer agreement for 0pp., to be ascribed solely 
to the unsteadiness, the advantage must be acknowledged to lie 
with my curve. For if we compare the following diameters at 
zenith from Plates I and II, which ought to be of the same size, 
under equal atmospheric conditions, identity of kind and treat- 
ment of plate (to which special attention was given) , we find 
that my representation (Opp.) and Schaeberle's (Sch.) give 
these differences of diameter /?* and /?"„ for the first and sec- 

o o 

ond plate : 

D\-D^\ (Opp.) —13 — 9 
D\--D'\ (Sch.) —25 —33 

Schaeberle's differences of diameters were again obtained by 
calculation from his computed zenith brightnesses. While my 
diameters agree well on the two evenings, his do not. To get 
an idea of the significance of these differences, I have trans- 
formed them into magnitudes by Schaeberle's table, and obtain : 

as 4S gs x6s 

A Wo (Opp.) 0.59 — 0.25 -f0.2I +0*10 

A Wo (Sch.) — 0.97 — 0.75 —0.29 — 0.42 

These large differences led Schaeberle to exclude Plate II 
with the remark that that evening must have been of unusual 
clearness. We get just the opposite, for the exposures of 8* and 
16* must have the determining significance, and it is not neces- 
sary for us to adopt that procedure. 

Unfortunately, the plates do not enable us to determine the 
constant b with rigor, for then we could evaluate the constant k. 
Only one way remains, viz., to determine the magnitudes 
from the measured diameters with the help of Schaeberle's tables 
of conversion, assuming their accuracy. Thus we get a table of 
extinctions good for the plate of November 4, on the basis of my 
formula, now directly comparable with Schaeberle's extinctions, 
since in both cases the same observations and conversion-tables 
were employed. This table of extinctions is calculated in Table 
III for the exposures 8* and 16*, the conversion tables for the 
shorter exposures being useless, as Schaeberle remarks. 
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Column I contains the zenith-distance z; 2, the diameter D^ 
calculated from x and y; column 3, (^o)i the diameter D^ 
diminished by 27 units (a correction given by Schaeberle); col- 
umn 4, the photographic star magnitudes m\ from the conver- 
sion-tables with argument do\ column 5, the photographic zenith 
reductions in magnitudes deduced from the last (Opp.); column 
6, the extinction for the particular plate following from Schae- 
berle's formula (Sch.^); column 7, the extinction derived by 
Schaeberle from all the data (Sch.^); column 8, the visual zenith 
reductions A;w, for Mt. Hamilton obtained by multiplying 
the Santis values by X= 1.16. 

TABLE III. 
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The table shows first of all that the conversion tables yield 
values of nt\ in close agreement for the two exposures, which 
testifies as to their near approach to accuracy, and also that a 
certain justification for the following conclusions cannot be 
gainsaid. 

The discussion of the observations by my formula yields 
much weaker extinctions at small zenith distances than 
Schaeberle found. I have added the two columns, Sch. i and Sch. 
2, which show that the choice of the plates is not responsible for 
this, and that the extinctions derived by Schaeberle for the 
particular plate agree with those obtained from his table of 
extinction. It further follows that the photographic extinctions 
are proportional to the visual, — as we assumed, — being nearly 
twice as great, or /c = 2; a result which Scheiner' also surmised 
theoretically from similar considerations, and found confirmed on 
one plate, which was, however, not convincing evidence. 

If we assume with Miiller* for the most probable value of 
the visual coefficient of transmission / for one atmosphere, 

we obtain for the photographic coefficient 

/' =^-a»'oao = /» = 0.82' = 0.69. 

Therefore about 20 per cent, of the visual, and 30 per cent, 
of the photographic rays are absorbed at the zenith. ' 

Now Muller3 gives in the abov^e mentioned research the 
following visually determined coefficients of transmission for 
the wave-lengths /a/a: 
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" Loc, cit., p. 231, or A, N. 124, 276, 1890. 

"MuLLER, he. cit.y p. 138. 

3MULLER, loc. nt,j p. 140, or A, iV., 103, 241, 1882. 
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We may with sufficient accuracy extrapolate for the wave- 
length 434 MM, which represents approximately the maximum of 
sensitiveness of ordinary plates,' and we obtain as a Muller 
coefficient of transmission for the most active photographic rays, 

/' =0.69, 

a value in perfect agreement with that we have derived from 
Schaeberle's observations, thus confirming Scheiner's surmise 
and all of our assumptions. The constant of photographic 
extinction k is therefore determined above to be about 2, and, 
as already stated, it can be changed with other kinds of plates 
or other exposures. 

It should be mentioned that Schaeberle employed Seed's No. 
26 plates, 4X5-in. in size. 

It is especially evident from Table III that the strong extinc- 
tions found by Schaeberle at slight zenith distances are not real, 
but have their cause solely in the unfortunate form of the inter- 
polation formula. Every function which is to represent the extinc- 
tion must have the property of increasing slowly at slight zenith 
distances (^<6o°), and then of suddenly increasing strongly. 
If Schaeberle's function is to represent the values at great zenith 
distances, which was its chief object, then a steep increase of 
the extinction curve is necessary at small zenith distances. 
This is not the case, and to make this more conspicuous, I have 
added the figure, which represents the extinction curve according 
to Schaeberle and myself, as well as the visual extinction, and 
requires no further explanation. 

* SCHEINER, loc. cit.^ p. 231. 
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THE ABSOLUTE DETERMINATION OF THE RADIA- 
TION OF HEAT WITH THE ELECTRIC COMPEN- 
SATION PYRHELIOMETER, WITH EXAMPLES OF 
THE APPLICATION OF THIS INSTRUMENT.' 

By K N u T Angstrom. 

I. With the increasing interest attending researches in the 
field of radiation, the physical methods for the absolute determi- 
nation of the intensity of radiation have gained a greater impor- 
tance. The older forms of apparatus, which were chiefly intended 
for the measurement of the Sun's radiation, no longer satisfy the 
present requirements as to refinement and sensibility. The 
newer forms of apparatus, with which absolute measures can be 
procured, seem to have met with no very general adoption, as 
appears from the fact^ that most investigators in this field are 
satisfied with rather arbitrary determinations of the absolute 
value of a radiation, and generally with relative measures. Thus, 
for example, the sensibility of the bolometer and thermopile is 
obtained from the deviation of the galvanometer needle, pro- 
duced by a definite increase of temperature of the absorbing 
surface, or by the radiation of a poorly defined source of heat. 
A comparison of the results of different observers and a recalcu- 
lation of the determinations in absolute units is often impossible. 

As early as 1886, I brought forward a method which has 
proved useful, not only for the determination of the Sun's radia- 
tion, but also for performing other physical experiments in the 
laboratory .3 Later, I described still another method which 
clearly surpasses the former as regards sensibility, and especially 

* IVifdemann^s AnnaUfiy 67, 633, 1 899. 

'In the ordinary text-books of practical physics, there is given, so far as I know, 
not a single method for the absolute determination of the radiation of heat. 

3 K. Angstrom, *' Sur une nouvelle m^thode de faire des mesures absolues de la 
chaleur rayonnante," Acta Upsal.^ 1886; see also Wied, Ann., 39, 294, 1890. The 
method has been used by me for different researches. See Wied Ann,^ 48, 517, 1893, 
or Acta Reg. Soc. Upsal. 1892. 
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in the convenience of operation.* Since only a preliminary notice 
of this method has been described, and that in periodicals 
which are hardly generally accessible, I will now give in this 
place a complete description, and at the same time relate my 
experience in the construction and use of the apparatus which I 
have acquired during six years of its use. 

2. The principle of the method is briefly as follows,^ — Of two 
metal strips, blackened on one side, and in every way similar, 
one is exposed to the radiation to be measured, the other, which 
is screened from the radiation by a double wall, is warmed by 
an electric current. If the strength of the current is regulated in 
such a manner that the warming of the two strips is the same, 
then the energy of radiation is equal to the energy led in by the 
electric current. Let q be the radiation in units of a second 
and square centimeter, b the width, a the power of absorption, 
r the resistance for unit length of the strips, and, finally, i the 
strength of the electric compensation current, then : 



dag=^ 



rt^ 



4.18 
From this we get 

^= — r-j- gram-calories per second and square cm, 
4. 1 o oci 



or 



Q=^ — r-T- 60 gram-calories per minute and square cm. 

4 . 1 o DCl 



4 
» K. Angstrom, Acta Upsal., June 1893. Physical Review, 1. 365, 1893. 

' F. KURLBAUM has, in a short notice in the Berichten der Thdtigkeit d. Phys- 
Techn, Reichsansiall \n 1891 and 1892 (published in Nov. 1892) and in the Zeitschri/t 
fUr Insirumentenkundey March 1893, P* 122, suggested a similar principle for the 
measurement of radiation in absolute measure, which he developed further in Wied. 
Ann., 51, 591, 1894. He later employed his method for the determination of the 
radiation of a black body ( IViecf. Ann., 65, 746, 1898). We each, therefore, had almost 
simultaneously, but evidently independently, an idea in many respects identical. 
But as Kurlbaum himself remarks (Wied. Ann., 51,/.^.), we suggested entirely dif- 
ferent methods of carrying out the idea. Without entering here upon a comparison 
of our two methods, I would only remark that the principle of the bolometer is not 
employed in my instrument, and further that my apparatus is constructed in entire 
symmetry, two similar strips being employed, that the equality of temperature is 
measured by thermo-elements, and finally that the effect of the radiation and of the 
electric current are simultaneously observed. 
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It is at once clear that by this method we need not take 
account of corrections for the dissipation of heai through radia- 
tion, convection, or conduction, since, from the equality of 
temperature of both strips, these corrections are therefore the 
same for both, and on that account the calculations are done 
away with. With this method we need therefore to determine 
only once for all the constants r, b, and a, and for each determi- 
nation of a radiation to observe only the strength of the current 
»'. in order to obtain the radiation in absolute measure. Since 
r changes slightly with the temperature, this change must be 
included in the calculation. 

The preparation of the two tnelal strips must naturally be made 
with the greatest of care. I proceed in the following manner : 
A strip of platinum foil from O.OOI-0.002 mm thick, and 
of about four sq. cm surface is laid on a glass plate. A small 
piece of the thinnest of silk paper, — a trifle larger than the 
platinum foil, is dipped in a solution of shellac and applied to 
the strip. The superfluous shellac solution is brushed off, and 
the bubbles of air between the platinum strip and the paper 
carefully removed. After a complete 
drj'ing, the glass plate is fastened to 
the table of a dividing machine, and 
the platinum strip is cut up into pieces 
of proper width, which afterward can 
easily be separated from the glass plate. 

Two such strips lying next each 
other are tested as regards their electric 
resistance, and if the difference be- 
tween them is not more than a few per 
cent., they arc fastened to a small 

ebonite frame R (Fig. i, in natural size). On the paper side 
of the strips the iherino-elemcnt is fastened by means of a little 
shellac, and in such a manner that the junctions L lie about at 
the middle points of the strips. The thermo-element consists of a 
U-shaped piece of a very thin sheet (about 0.02 mm thick) of 
" constantan " or nickel, to which is soldered a plate of cop- 
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per of the same thickness and width. In order to complete the 
symmetry for power of radiation of the back sides of the strips, 
these sides were coated with black varnish. 

In order to blacken the strips on the front sides, they were first 
coated galvanically with a thin layer 
of zinc, and then treated with a 
I per cent, solution of platinum 
chloride until the resistance, which 
had been slightly lessened through 
TJr coating with zinc, reached its former 
value. In order to raise the coeffi- 
cient of absorption, the strips were 
finally given when cold a thin coat- 
ing of lampblack. This coating was 
obtained from a stearin candle, in 
the flame of which was held a fine 
net of copper wire. The readiness 
of the strips for use is tested by 
connecting the thermo-element to a 
sensitive galvanometer. If the posi- 
tion of rest of the galvanometer 
"^' ^' does not chance for simultaneous 

radiation upon the two strips, the symmetry is complete. 

The mounting of the apparatus is shown in Fig. 2 (one third 
the natural size). The strips are 
placed in a tube R, which is pro- 
vided with three diaphragms. 
The tube can be pointed in any 
desired direction by two screws 
5, and S^. The temperature in 
the tube can be determined by 
means of a thermometer T. A 
small double-walled, reversible 
screen IV, which is fastened in 
the front end of the tube, protects the one strip from the radia- 
tion. The back side of the tube is closed by an ebonite stopper 





Fig, 3, 
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P, This, which is shown in Fig. 3 (two thirds natural size), 
carries the binding screw K^ for conduction to the strips, and the 
binding screw K^ for the thermo-element, as well as a small 
commutator C, in order to throw the current from the one to 
the other strip. 

3. Concerning the comtants of the apparatus, the width of the 
strips was already determined on cutting them with the dividing 
machine. In order to control these widths, after completing a 
few instruments, I again measured these widths with the divid- 
ing machine. This gave, for example, for the instrument No. 2 
used below, in place of the desired width of 2 mm, the following 
values : 



ight strip 


Left strip 


2.00 mm 


1.99 


2.02 


2.01 


2.01 




2.01 mm 


2.00 mm 



-i^S 



Since the coating with lampblack leaves the edges a trifle 
rough, an error of 0.0 1 mm in the measures of the width evi- 
dently cannot be avoided, which in the width of the strips here 
used may make an error of 0.5 per cent, in the final value. 

In order to determine the resis- 
tance of the strips, I have used the 
electrometric method, which here 
offers striking advantages. The 
arrangement of this experiment is 
seen in Fig. 4. From the galvanic 
cell 5 a current is sent through the 
pyrheliometer strip F G, and a cali- 
brated wire of German silver or 
manganin of accurately known re- 
sistance. From the two knife 
edges A and B, and from two contacts H and /, which are in 
connection with the strips and the wire, and of which / is a 
sliding contact, wires go to the commutator W, and from here 
to the Lippmann capillary electrometer L, 




Fig. 4. 
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The arrangement of the knife edges A and B is seen in Fig. 
5. These are fastened at the ends of a small glass tube Ey which 
is suspended from an ebonite plate H by spiral wires. This plate 
can be lowered by means of a screw, and so ^ 

the knife edgesican be pressed lightly on the pirni 

strips. Since tLe sliding contact is so regu- jrr.vmms4MB 
lated that the potential differences between 
A and B and between H and / are the same, 
the resistance of the strip between the points 
A and B is directly determined. By tWs 
method of determination, the disturbances at 
the ends of the strips are eliminated, and the 
resistance determined in the part of the strip Fig. 5. 

lying close to the junction of the thermo-element. 

The platinum strips are heated by the passage of the current, 
and accordingly the resistance increased. By investigating the 
resistance for currents of different strengths, the relation between 
these two magnitudes can be approximately determined. Accord- 
ingly, for instrument II at 19°, the following results were 
obtained : 




Strength ot current 


Resistance 


in ohms per cm 


/ 


/• 


Observed 


Calculated 


0.378 


0.1428 


0.322 


0.3226 


0.289 


0.0835 


0.316 


0.3170 


0.228 


0.0520 


0.314 


0.3141 


0.188 


0.0354 


0.312 


0.3125 


O.I 4 1 


0.0199 


0.3105 


0.31 1 1 


0.090 


0.0081 


0.3100 


0.3100 


0.000 


0.0000 




0.3092 



Since the heating of the strips is proportional to the square 
of the strength of the current, we have, if nt'^ and Wq are the 
resistances for currents of strength i and Oy 

The values of /«, in the above table, calculated according to 
the above formula from the values ;«^,= 0.3092 and /8 = 0.303, 
show with certainty that this method of measuring leads to very 
good results. 
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The temperature coefficient ot the electric resistance of the 
strips is found in the ordinary manner by means of a Wheatstone 
bridge. The formula 

m% = m\ (i +a/) 

gives here a satisfactory degree of precision. For the platinum 
material used I have found a— 0.00216; and this gives 
Wo ^0.2970. 

Denoting by /«„ the resistance to a current of strength i at 
a surrounding temperature /, then we have : 

ntit^^ffl^ (i + a/) (i +i3/'). 

This method, which is simply to calculate the resistance from 
the temperature of the field, and from the strength of the current, 
is not quite exact, since the heating of the strips depends on the 
rate of cooling, and this is not constant. But since the correction 
to the resistance caused by the heating of the current amounts, 
at most, to 3 per cent.' and, besides, the strips are fairly well 
protected from currents of air, this method of correction is quite 
satisfactory in most cases ; on account of its simplicity and con- 
venience it can be unconditionally recommended. If we assume 
a change of 10 per cent, in the rate of cooling, which must be 
an upper limit, we make an error in the calculated resistance of 
0.3 per cent., which causes an equal percentage of error in the 
determination of the radiation. 

Of the determinations of the constants of the apparatus, the 
coefficient of absorption of the strips is the most difficult. Ordinarily, 
for measures of heat radiation, the absorptive power of a lamp- 
black surface is taken as equal to unity — although it is generally 
recognized that this supposition is not correct — or a rather 
arbitrary value of this absorptive power is taken without any 
special researches on the action of the surfaces. Since surfaces 
produced in different ways show quite a difference in their 
absorptive power, it is important to examine a surface of just 
the same character as the one used in the instrument. To this 

*The correction is as much as this only in the determination of the strongest of 
the solar radiations. 
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end I have made an investigation of the absorptive power of the 
surfaces made in the manner described above, by the determina- 
tion of the diffusion of different kinds of radiation. 

The results of these investigations, which I have more fully 
discussed in another place,' and on that account I will only 
mention them here, are briefly as follows : 

a. The absorptive power of the platinum surfaces increases 
only insignificantly on being coated with lampblack, but it 
becomes more uniform for different wave-lengths. 

b. The platinum and lampblack surfaces have a coefficient of 
absorption which is slightly selective, as it increases with increas- 
ing wave-lengths.^ 

c. For solar radiation, the mean coefficient of absorption lies 
between 98.3-98.8 per cent, according to the thickness of the 
coating of lampblack. 

d. If we take the coefficient of absorption of these surfaces as 
constant for different wave-lengths, and equal to 98.5 per cent., 
then we make at most an error of 0.5 per cent., in the determi- 
nation of the intensity of radiation. 

4. Method of Observation. — As I have already shown in the 
preliminary communication, the observations with this apparatus 
can be made in different ways. The same galvanometer which 
is used for the determination of the temperature can also be 
used for measuring the strength of the current. It is, however, 
better, and much more convenient, to use for this purpose two 
different instruments. Any galvanometer, or galvanoscope of 
rather high sensibility, can be used in connection with the 
thermo-element ; for the determination of the strength of the heat- 
ing current, I have generally used an electro-dynamometer 
especially constructed for it. Still the precision milliamperemeter 
of Weston or Siemens and Halske can be used with great 
advantage. Since this instrument is found in nearly every 

* K. Angstrom, Ofversigt af K. Vet. Akademiens Forhandl., Stockholm. No. 5, 
p. 283, 1898. 

' I wish to emphasize here the difference between the absorptive power of 
lampblack and the absorptive power of a lampblack surface. The former decreases, 
as I have shown, with increasing wave-lengths. Wied. Ann.^ 36, 715, 1893. 
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physical laboratory, I shall assume in what follows that the 
measures can be made with this apparatus. 

Fig. 6 shows the arrangement of the apparatus. 5 is the 
battery, a Daniell's or a Leclanche cell, or, still better, an 
accumulator; i? and R^ a plug and slide wire rheostat; A the 
milliamperemeter ; C the commu- 
tator to the strips. The galvan- 
ometer G is joined to the thermo- 
element. For making a deter- 
mination, the apparatus is first 
oriented in the proper direction 
toward the source of heat by the 
help of sights on the tube, the 
covering at the mouth of the 
tube is taken away, and the small 
screen turned in such a manner 
that the radiation falls on both 
strips, and then the position of 
rest of the galvanometer can be 
determined. The screen is then 
turned toward one side, and at 
the same time the current is closed through the shaded strip 
and regulated in such a manner that the galvanometer takes the 
same position of rest as before. After the strength of the 
current is read off, the screen and commutator are reversed, and 
then the determination repeated. In this way in a few minutes 
many pairs of determinations can be obtained. The ther- 
mometer projecting into the instrument tube gives the tempera- 
ture of the air close to the strips. 

5. The errors in the resulting determination with this instru- 
ment depend first, on the accuracy with which the constants of 
the instrument are determined, and, second, on the accuracy 
with which the settings for the same temperature and the obser- 
vations of the strength of the current can be carried out. Since 

dQ dr db da 2 di 




Fig. 6, 
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we find, in agreement with the above, that the error which will 
be caused through dr, db, and da, will amount at most to 1.3 per 
cent. The error in di depends, naturally, in a great degree, on 
the special conditions under which the measures are taken. The 
strength of the current can be determined without difficulty, to 
within 0.3 per cent. The error in Q resulting from di will, there- 
fore, at most, not exceed 0.6 per cent. The total error of a 
single determination of Q will, therefore, amount at most to 
about 2 per cent., of which about 1.3 per cent, is constant, and 
0.6 per cent, is accidental error. 

6. As proof of the reliability of the method, the following 
observations may be given, viz. : first, the determination of the 
radiation of a lamp with two instruments, one of which I made 
more than four years ago,' the other having been lately con- 
structed ; second, the comparison of the observations in solar 
radiation with the two instruments, the differential pyrheliometer 
and the compensation pyrheliometer. 

The lamp was a so-called "focus lamp" (from the factory 
of "Svea" in Stockholm) of 32 candle-power. The current 
was generated by twenty-four large Tudor accumulators. The 
distance between the source of heat and the strips of the appara- 
tus was 50.4 cm. R denotes the amount of the radiation of the 
right, L the radiation of the left strip. 

It was found : 

WITH APPARATUS II. (oLD). 

Strength of current. 
^x - - - 0.0412 ) 

L - - 0.0410 > Temperature 17.0* 

R^ - - - 0.04 1 1 ) 

~ r R^-TRa+2~L 

Mean: /= = 0.0411 

4 

Resistance = 0.308 ohms. 2 = 0.0380 ^-cal. per min. and sq. cm. 

* This instrument, denoted by II, is one of those which I have used in two series 
on Teneriffe and one series in Switzerland. 
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m 

WITH APPARATUS XI. (nEW). 

Strength of current, 
y?, - - - 0.0390 ) 

L - - 0.0390 > Temperature 17.0° 

^a - - - 0.0388 ) 

Mean : /-= = 0.0390 

Resistance = 0.339 ohms. Q = 0.0376 ^-cal. per min. and sq. cm. 

This example shows that the different instruments agree very 
well with each other, and that, if not injured, they do not change 
with time. I might easily confirm these results still further 
with other observations. 

It was of special interest to me to compare this new appara- 
tus with my older one (the differential pyrheliometer). During 
the summer of 1894, I had the opportunity during my stay in 
Borgholm, on the island of Oland, to carry out some observa- 
tions for comparison. I was engaged in making some changes 
in an apparatus for registering the strength of the solar radiation^ 
and accordingly measured also the intensity of this radiation 
with the two instruments mentioned. As I had no assistant, and 
had only one galvanometer with me suitable for the experiments^ 
I could not carry out the determinations exactly simultaneously. 
The registering instrument enabled me to take into account the 
changes in the solar radiation, and to reduce the indications of 
both instruments to precisely the same time. The following 
small table contains the results of these observations : 

(» Determ. with the Detenn. with the j-i;^ 

^*9* Comp. Pyrheliometer D iff. Pyrheliometer ^'"* 

10 Aug. 11:20 A. M. 1. 215 

I I •* 4:24 P. M. 0.995 

12 " 11:28 A. M. 1. 178 

15 " 6:21 P. M. 0.659 

19 '* 8:27 A. M. 1. 134 

19 " 12:38 P. M. 1.359 

The good agreement between the determinations of these 
two instruments, so different in principle and operation, bespeaks, 
it seems to me, the reliability of both. It must be once more 



1.25 


—0.030 


0.99 


+0.005 


1. 18 


—0.002 


0.64 


-f 0.019 


1. 14 


— 0.006 


1.37 


— O.OII 
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mentioned that the constants of the new instrument are easier 
to determine, that the sensibility of it can be increased more 
easily, and, finally, that the determinations can be carried out in 
a much shorter time. 

7. Application to the determination of the strength of the solar 
radiation. — I used the new method at first for the determina- 
tion of the solar radiation, and that at different heights above 
sea level. A very considerable number of observations are 
already available for this question, but since these have been 
made for the most part with rather unreliable forms of appara- 
tus and under unfavorable meteorological conditions, further 
observations appear to me necessary. I therefore put together 
an easily portable instrument such that the compensation 
pyrheliometer with rheostat, a small galvanoscope, an electro- 
dynamometer specially constructed for this purpose, of a 
sensibility easily controlled, and a Leclanche cell, were so 
arranged in a small box 44 cm high, 27 cm wide, and 12 cm deep, 
that the instrument could be set up in a few minutes for a 
determination. The weight of this apparatus, with a small 
stand for mounting, was only seven kilograms. Teneriffe was 
selected as the place of observation, its uniform climate being 
very favorable for this purpose. 

I expect soon to publish' the results of two series made on 
Teneriffe during the summers of 1895 ^ind 1896, in which more 
than 600 absolute determinations were made. Here I will give 
only a single complete determination of the solar radiation, and 
two series of observations at different altitudes, in order to show 
how excellently well adapted the apparatus is for such measures. 

As an example, I give a measurement made on the 25th of 
June, 1896, under very difficult circumstances on the highest 
point of the peak of Teneriffe. 

Extract from observing record on 25th of June, 1896: 

Height above the sea, 3700 m. Height of barometer, 
495.1mm. Wind: very strong, S. W. Temperature, 9.2°. Ten- 
sion of water vapor, 2.44 mm. 

* I hope to publish this during 1899 in the Verhandl. ci. Schwed. Akad. 
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Time 



h r rin 



II" 55 



Strength of the comp. 
current squared 

^1 0.0704 

L 0.0713 

^2 0.0702 



Temperature in the tube 
of the instrument 



21.0' 



R,^R^^2L 

Mean = = 0.708 



m 



^,•=0.3164, Q— 1.626 



12" — 



m 



^1 0.0707 

L 0.0699 
R2 0.0694 



21.5 



Mean = = 0.0700 



«r^^.= 0.3169, Q—i,(ii\ 



As an example of the daily series, I cite the measures of 
July 3, 1896, on which day observations were made at the same 
time by me at Guimar, 360 m above the sea, and by my assist- 
ant, Hrn. Edelstam, in "Alta Vista," 3252 m above the sea. 



Guimar. Barometer 731.3 


Aha Vista. Barometer 5x8.9 


Time 


Altitude of 
Sun 


Q 


Time 


Altitude of 
Sun 


Q 


5»» 49*0 A. M 

5 55 

6 28 

6 57 

7 26 

7 57 

8 57 ..... 

9 58 

12 1 p. M 

1 58 

2 58 

3 56 

4 27 

4 55 

5 27 


8^* 16' 

9 31 

16 24 

22 32 

28 45 

35 27 

48 34 
62 

84 27 
62 52 

49 40 

« ■ • • 

36 58 
30 15 
24 14 

17 27 


0.721 

0.795 
0.994 

1. 105 

1. 190 

1.251 

1.292 

1.361 

1.384 

1.325 
1.275 

1. 219 
1. 150 
1.070 

0.943 


5^ 30" A. M 

5 58 

6 29 

6 59 

7 31 

7 59 • 

8 58 

10 5 

12 3 p. M 

1 53 

2 58 

3 31 

3 54 

4 29 

4 55 

5 13 


4° 26' 
10 8 
16 36 
22 57 
29 49 
35 53 

48 49 
63 32 
84 26 

63 58 

49 40 
42 26 
37 24 
29 49 
24 14 
20 23 


0.819 

1. 138 
1.340 
1.421 
1.488 
1.525 
1.578 
1.609 
1.618 
1.609 

1.579 
1.540 

1.520 
1.479 

1.439 
1.396 
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The extraordinarily regular course of the series of observa- 
tions at Alta Vista is a proof, not only of the beauty of the 
apparatus, but also of the favorable atmospheric conditions. 

8. Application of the apparatus for the determination of a Hefner 
normal lamp. — For many researches on radiant heat it would, with- 
out doubt, be very advantageous to have an accessible *' normal 
radiation" at our disposal. The radiation of an "absolute black 
body" at loo^ would probably first suggest itself; this normal 
is, however, not very convenient, since it demands especially 
good conditions and an accurate determination of the tempera- 
ture, not only of the radiating surfaces, but also of the screen 
used. In the hope that a Hefner normal lamp might be appli- 
cable for the total radiation, where no greater accuracy is required, 
I determined its radiation. From researches on the luminous 
radiation of this lamp, we already know that it is subject to 
rather large changes, and it is to be assumed a priori that 
these are still greater for the invisible radiation. In order to 
eliminate the radiation from the products of combustion and 
from the flame tube, a small double screen of "metal paper," 
with the polished surfaces together, was put on the lamp. In 
the screen was a rectangular opening 40 mm long and 14 mm 
wide. The strips of the compensation pyrheliometer were 
placed about 30 cm from the flame. I first cite a single determi- 
nation : 

Ri 0.0259 Temp. 18.0' 

L 0.0260 
R2 0.0242 



R, + R. + 2L 

Mean = ; = 0.0256 m^^ = 0.308 

4. 

2 = 0.0145 g-cal. per min. and sq. cm. 

In this manner the following four series were made, of which 
I and II were made on the same day, the others about two 
weeks later : 
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Series I 


Seri 


esll 


Senes III 


Series IV 


T= 


i8.o' 


T= 


«7.5' 


T= 


17.5- 


T=x6.7* 


I 


Q 


I 


Q 


I 


Q 


I 


Q 


0.0261 


0.0152 


0.0244 


0.0134 


0.0255 


0.0145 


0.0258 


0.0149 


0.0262 


0.0153 


0.0250 


0.0140 


0.0254 


0.0144 


0.0261 


0.0152 


0.0263 


0.0154 


0.024? 


0.0138 


0.0259 


0.0150 


0.0259 


0.0150 


0.0261 


0.0152 


0.0251 


O.OI4I 


0.0258 


0.0149 


0.0260 


0.0151 


0.0260 


0.015 1 






0.0259 


0.0150 






0.0258 


0.0149 














0.0256 


0.0146 


Mean 




Mean 




Mean 




Mean 


0.0151 


0.0138 


0.0148 


0.0151 



The agreement of the results of series I, III, and IV is very 
good ; on account of some unknown cause, the result of series 
II differs considerably from the rest. The mean value of the 
result is 0.0147, the greatest deviation from the mean about 5 
per cent. It therefore appears to me not impossible that, by 
taking special precautions, we might find in the Hefner lamp a 
really useful normal radiation. By the application of the law of 
decrease of intensity of radiation with the square of the distance 
from the source of radiation, the strength of the radiation of a 
Hefner lamp in a horizontal direction can be calculated as 132 
g-cal. per min. and sq. cm, which may for the present be con- 
sidered an approximate value. 

I trust I have shown by this article that the electric com- 
pensation pyrheliometer is a reliable, handy, and sensitive instru- 
ment, which is as good for measures of solar radiation as for the 
determination of weaker sources of heat in the laboratory, and 
on this account is applicable for the determination of the con- 
stants of the bolometer and thermopile. The instrument was 
made to my perfect satisfaction by H. Sandstrom, mechanician in 
Lund. 

Upsala, January 1899. 



ON THE PRESSURE IN THE SPARK/ 

By Eduard Haschek and H E I N R I c H M A c H E. 

During their experiments with their chloride of silver battery 
of 11,000 cells, Warren de la Rue and H. W. Miiller' observed 
that a stream of sparks causes a sudden rise of pressure in the 
partially evacuated bell-jar of an air-pump, which falls just as 
quickly on breaking the current. This expansion, of which an 
example is given of 15.8 mm at a pressure of 56 mm of mercury, 
cannot be regarded as a thermal expansion, on account of its 
large amount and its rapid disappearance, after the interruption 
of the current, but must be considered as a consequence of an ele- 
vation of pressure in the metallic vapors in the path of the spark, 
as was at the time suggested by de la Rue and Miiller. We may 
also infer the existence of such a pressure in the spark in an 
indirect way, for Humphreys ^ has proven that the lines of the 
arc-spectrum suffer a displacement toward the red as soon as the 
arc is burned in a gas of increased pressure. On the basis of 
Humphreys' figures, we can conclude from a displacement of 
lines as to the elevation of pressure in the part of the luminous 
gas from which the light in the spectroscope comes. 

In the course of their researches on the ultra-violet spark 
spectra of the elements, F. Exner and E. Haschek ^ have dem- 
onstrated very considerable displacements of this kind, and by 
comparison with Humphreys' results have estimated the spark 
pressure to be from 24 to 30 atmospheres. An observation by 
Mohler^ is also in agreement with this, which indicates that the 

^ Sitzungsberichte der Kais. Akad. der Wissenschaften in Wien. 107, Abth. Ila, 
Nov«mber 1898. 

^Proc, R. 5., 29, 286, 1879 ; Covtpies Kendus, 89, 637, 1 879. 

3 This Journal, 6, 1897. 

* Wiener Sitzungsberichte, 106, 1 897. 

5 This Journal, 4, 1896. 
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same wave-lengths are obtained from a Geissler tube exhausted 
to 2 mm pressure as from the arc at 20 mm. 

Finally it has been directly proven by H. Mache* that altera- 
tions of the pressure around the electrodes occur on the discharge 
of high tension electricity from points, as well as on the passage 
of sparks from an influence machine or induction coil. 

It seems desirable from all this to study this interesting 
phenomenon more closely and quantitatively. 

§1. We arranged the final experiments as follows: In a 
strong glass globe of 20.8 cm diameter ground stoppers A and B 
were inserted above and below. The one electrode was intro- 
duced in A, while at 5 a barometer tube one meter long was 
fused on, carrying within it a steel rod to which the second elec- 
trode was attached. The rod was connected with a steel screw 
of 2 mm pitch, so that the lower electrode could be raised and 
lowered. An air-tight joint was effected by a vaseline oil or mer- 
cury column, from the height of which the pressure in the globe 
could be read off. The current from a transformer of some 5200 
volts effective pressure was conducted to the electrodes. In 
case of necessity condensers of measured capacity could be 
switched in parallel to the spark-gap. The globe could be 
exhausted or filled with different gases through two cocks. It 
proved to be very often necessary to remove the nitrous oxide 
which developed abundantly during sparking. 

§2. If the spark is allowed to pass between the electrodes 
the index liquid in the barometer tube indicates a rise of pres- 
sure which falls back immediately and almost completely when 
the current is shut off. It is necessary for us to establish for our- 
selves a relation between the rise of pressure in the whole space 
of the globe and the rise in the spark itself, in order to interpret 
the former, which is directly measured. It is at once clear that 
this sudden rise of pressure in the spark, which disappears quite 
as rapidly after the discharge, will give occasion for the develop- 
ment of a wave which will progress with at least the velocity of 
sound. On account of the small size of the source — we employed 

^Wiener Sitzuvgsbcrichte^ I07, 1 898. 
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a spark of more than 3 mm in length in only a single case — 
these waves may be regarded as spherical even at a short dis- 
tance. 

Thus there will spread over the unit of surface of each such 
spherical wave a pressure which will decrease with the expand- 
ing radius of the wave, but nevertheless in such a manner that 
the pressure on the total surface remains constant, for the total 
energy of the wave, to which the pressure is directly proportional^ 
remains constant. If we therefore call P the rise of pressure on 
the unit surface of the spark itself, whose surface is 0, there will 
spread over the unit of surface of a spherical wave of radius r the 
rise of pressure : 

O ^ 



P'= 



4'irr' 



If r is the radius of the glass globe employed, this pressure 
P^ is observed directly at the manometer, since the wave pro- 
gresses without losses of energy in the attached tube, which is suf- 
ficiently calibrated. 

But since a single spark is not sufficient for measurement on 
account of the inertia of the index liquid, we are forced to await 
the setting of the index during a stream of sparks, so that P^ and 
similarly P must be defined as a time mean of the elevation of 
pressure. It is however obvious that this time mean P can be 
set the more nearly equal to the true spark pressure, the quicker 
the separate discharges follow each other. 

A number of sparks per second is experimentally found 
beyond which no variation in the setting of the index liquid 
can be distinguished. If we consider that the metallic vapor 
developed, and hence the pressure prevailing between the 
electrodes, cannot disappear absolutely at the same time with the 
spark, we may assume at the start that this limiting value was 
sufficiently reached with our transformer, which was fed by a 
current of about 80 alternations per second. In fact the validity 
of this assumption was established by the experiments with the 
induction coil, to be described in §9. 

It only remains to describe the method by which we attempted 
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to determine with the closest approximation the surface of the 
spark, which enters the computations. For this purpose we pre- 
pared instantaneous photographs of the spark, enlarged fourfold. 
The speed of the shutter employed was -^^^ second. The portion 
of space thus cut in a plane and illuminated by the spark was 
measured with a polar planimeter. In our case it was always 
sufficient to substitute for the surface corresponding to the cross- 
section thus measured the surface of a sphere whose radius p is 
equal to the radius of the circle of equal surface with that sec- 
tion. Then 

P'= ^, P and P=^P\ 

The measurement of P', the elevation of pressure in the 
whole space of the sphere presented no especial difficulties. 
There always occurs, indeed, a throw of the index liquid in con- 
sequence of the heat developed in the spark, but this is so 
different in its nature from the pressure throw that they can be 
readily distinguished. One fact should be noted here, however. 
During the experiment the electrodes become very considerably 
heated, with too strong a primary current even to red heat. The 
rising warm air, by its better conductivity, reduces the potential 
of the spark markedly, and the throw simultaneously begins to 
go down. 

This effect also shows itself acoustically, for the loud and 
almost unendurable rattle of the sparks in free air passes into a 
weak, hissing sound. The observations may, therefore, be at 
the longest continued until this begins. 

It should be further remarked that we hold the heat of the 
spark to be a phenomenon of a secondary nature, directly caused 
by the kinetic energy residing in the metallic particles or 
molecules thrown off from the electrodes by the electromotive 
forces. In this we find ourselves in agreement with experiments 
of Schuster', who assigns to the particles thrown off from the 
electrodes velocities as high as 2000 meters per second. 

The view here stated has, moreover, been for a long time 

^Nature, 57, 17, 1897. 
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repeatedly expressed. It is as far as we know first stated by v. 
Waltenhofer,* who imagines ''the ponderable matter between 
the electrodes, not only as carrier of the discharge, but also as 
itself set in motion by it.*' 

§3. We first determined by the process described above the 
pressure in the spark for different capacities introduced into the 
secondary circuit. We employed here a spark-gap of 2 mm 
between brass poles of 3 mm diameter. We used vaseline oil as 
the indicating liquid. In these experiments the primary current 
amounted to 7.5 amperes, with a voltage of 100. 

The results are collected in the following table : 





TABLE 


I. 




Capacity 


Throw in 


mm 


Pressure in the 


in meters 


vaseline 


oil 


spark 


in atmospheres 


5.16 


33 






22 


II. I 


118 






40 


16.4 


148 






48 


22.9 


165 






45 


53.1 


220 






51 


77.3 


228 






50 


100.2 


258 






46 


156.0 


293 






36 



The air enclosed in the sphere was at a pressure of 695 mm. 

In this and in the following tables we give the direct reading 
at the manometer because we see in this a measure for the sound 
energy in the spark, according to the view developed in §2. It 
appears at once that with increasing capacity and hence increas- 
ing quantity of electricity which passes in individual sparks, 
this acoustical energy increases — at first very rapidly, but later 
rising toward a definite limit. At the same time the pressure in 
the spark also increases rapidly at first, reaches a maximum, and 
then slowly falls off in consequence of the enlargement of the 
volume of the spark. 

§4. The phenomena were next more closely examined which 
occur when the length of the spark is varied, the capacity and 
primary current remaining constant. Here again, the observed 

^ Pog-g^. Ann. 128, 60S, 1866. See also, Lecher, IViencr Sitzungsberichte, 961 
103, 1887. 
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manometer readings rose toward a limit. The pressure developed 
in the spark appears to remain constant, however, since the 
number of sparks does not change, and hence the amount of 
energy passing in the single spark remains unchanged. The 
pressure in the mean amounted to 50.7 atmospheres. The follow- 
ing table gives the precise data. The capacity used was 77.3 
meters, the primary current 6.2 amperes, the gas pressure 607 mm 
of mercury. 





TABLE 


IL 






Length of 
sparK mm 


Throw in mm 
vaseline oil 




Pressure in the 
spark in atmospheres 


I 


85 






41 


1.5 
2 


120 
182 






57 

51 


2.5 

3 
3.5 


227 
260 
280 






45 
59 
47 


4 


300 






55 



§5. The effect of the pressure of the surrounding medium 
was also investigated. It was obviously necessary to employ 
mercury as the index liquid in this case. The results follow. 
We employed a spark gap of 3 mm, a capacity of 100.2 meters, 
a primary current of 9.5 amperes. 





TABLE 


IlL 






-essure in mm 


Throw in mm 


Pressure in spark 


of mercury 


of 


mercury 


in 


atmospheres 


585 




7.8 






27.2 


550 




6.2 






19.6 


502 




5.0 






19.9 


415 




3.3 






II. 2 


320 




2.2 






6.5 


217 




1.2 






3.7 


96 




0.5 






I.O 



The brass rods of 3 mm diameter were employed here and in 
all the following series of observations, where mention is not 
expressly made of other electrodes. 

It should be said that at the pressures of 217 and 96 mm of 
mercury the electrodes were enveloped in blue light. As it was 
not feasible to follow the phenomenon at still lower pressures 
on account of the small throws at such a short spark gap, we 
increased it to 24 mm, and obtained the following table. 
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TABLE 


IV. 




Pressure in mm 


Throw in mm 


of mercury 


of 


mercury 


165 




12.3 


160 




II. I 


140 




8.8 


120 




7.1 


88 




4.7 


70 




3.5 


50 




2.8 


20 




I.O 



We have not determined the pressure, as the assumptions 
made in the derivation of the formula in §2 are no longer 
sufficiently satisfied, and it would be very difficult to make and 
to interpret the photographs. The aureole which develops is 
so faint that it could not be made visible on instantaneous 
exposures, while the blue light enveloping the electrodes, as well 
as the path of the sparks, is so actinic that time exposures 
which would show the aureole would be entirely fogged by the 
diffuse light from the spark. Moreover the blue light at the 
electrodes is very unsteady, so that even an approximate 
measurement of the photograph would be hopeless even if the 
above difficulties could have been overcome. 

§6. We also made a test of the effect of the shape of the 
electrodes by replacing the brass rods by brass balls of 18 mm 
diameter, the conditions of the experiment being the same as 
for Table III. The results were identical with those given above. 

§ 7. On the contrary we could detect an influence of the 
surrounding gas on the spark-pressure. Air, carbon dioxide and 
illuminating gas (of density 0.47) were investigated, with a spark 
gap of 2 mm, a capacity of 72.8 meters, a primary current of 6 
amperes, and a pressure of 704 mm of mercury in the gas 
enclosed in the sphere. 









TABLE 


V. 




Th 
of 


row in mm 
vaseline oil 


Pressure in spark 
in atmospheres 


Air - . - 


- 


167 






51.7 


Carbon dioxide - 


- 


323 






153.2 


Illuminating gas - 


- 


260 






79.7 
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§ 8. Experiments were further made with electrodes of dif- 
ferent materials. We employed for these the transformer and 
condensers which are in use in the spectroscopic researches of 
F. Exner and E. Haschek, in order to obtain, as far as possible, 
the same experimental conditions as theirs. We also determined 
the spark pressure for brass electrodes for purposes of compari- 
son with our previous figures. The carbon rods were cut from 
commercial pressed gas carbon, the large proportion of easily 
decomposed and volatile constituents of which may well explain 
the high value of the spark pressure. 

The conditions of the experiments were — a primary current of 
8.2 amperes and six batteries of ten-plate, plane condensers 
with a total capacity of 750m with some 5800 volts effective 
pressure in the secondary. The following table gives the direct 
throw, the pressure, and the length of the spark, which could 
not be kept the same for all the electrodes. 



TABLE 


VI. 






Spark gap 
in mm 


Throw in mm 
vaseline oil 


of 


Pressure in spark in 
atmospheres 


- 3 


740 




124 


3 


605 




79 


- 3 


427 




64 


2.6 


243 




44 


- 2.5 


187 




33 



Substance 

Gas carbon 

Iron 

Brass - - - 

Zinc 

Copper 

The spark pressures here found for the different metals may 
perhaps be brought into relation with the counter-electromotive 
forces measured by V. v. Lang' in the constant current arc. The 
substances which furnish a large value of the spark pressure 
show a high counter-electromotive force, zinc only being an 
exception. This may, however, be explained by the fact that 
the value found for the electromotive force of the zinc arc may 
be affected by considerable uncertainty on account of its easy 
melting. 

§ 9. From what has been adduced in § 2 an examination of 
the dependence of our phenomena upon the number of sparks 

» Wiener BerichUy 95, 84, 1887. 
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per second seems desirable. As such an investigation could 
naturally not be conducted with the transformer, since we were 
held to the number of alternations of the current furnished by 
the ''Internationalen Elektricitatsgesellschaft," we employed a 
Ruhmkorff coil of about 15 cm sparking distance. The interrup- 
tions of the primary current were made for the slower frequency 
with a regulating Foucault interrupter, for the higher frequency 
with a Neef hammer, or with a rapid motor contact-breaker. A 
capacity of 5.16m was included in the secondary circuit. The 
dependence of the throw upon the number of interruptions may 
be seen from the table. 

TABLE VII. 

Number of interruptions Throw in mm of 
per second vaseline oil 

4.8 2.3 

14. 1 II. 2 

20.0 14.7 

24.0 15.2 

30.0 15.5 

With the capacity employed a spark followed each interrup- 
tion. Since now for a change from 24 to 30 interruptions per 
second the throw increased by only 0.3 mm of vaseline oil, or 
about 2 per cent, of the throw at 24 sparks per second, it is 
clear that with a slightly greater number .of interruptions — 
which we unfortunately could not reach — the limit mentioned in 
§ 2 would have been reached. It follows from this, however, 
that for the transformer with 80 alternations per second, the 
pressure given in the tables, which is primarily only a time 
mean, coincides with the true spark pressure. 

We also attempted to obtain a measure of the pressure pre- 
vailing in the spark of an induction coil. But here a difficulty 
is at once encountered. Since the spark proved to be too faint 
for an instantaneous photograph when only slight capacity was 
included in the circuit, while with larger capacity the number of 
sparks per second must not pass a certain maximum, we were 
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obliged to make our measures at a low number of interruptions 
and then to reduce them to the highest number by means of the 
above table. In this way the spark pressure came out as 11.3 
atmospheres for a capacity of 16.4 meters and a directly observed 
throw of 1 1.5 mm of vaseline oil. 

§ 10. On the basis of the view developed in §2, the question 
could be decided whether we have to do with a continuous or a 
disruptive process in the direct current arc, since an elevation of 
pressure manifests itself here in an entirely analogous way. 
If we started an arc of say 2mm length in our globe, the 
vaseline oil fell at first rapidly and uniformly ; if the arc was 
then suddenly cut off, the fall not only ceased at the same 
moment but as suddenly changed to a rise. Now, the index 
liquid indicates the partial pressure in the gas at the place where 
the manometer tube is attached to the globe. If this increased 
pressure at that place is not renewed by successive waves of con- 
densation, the manometer will remain at rest until the expanding 
metallic vapor has itself reached the manometer tube. In view 
of the large volume of our globe and of the character of the 
whole phenomenon, a satisfactory explanation can only be given 
when we suppose that there is also in the arc an elevation of 
pressure which continually renews itself in a pulsating manner. 
This assumption is open to less objection by reason of experi- 
mental researches made elsewhere that indicate such an inter- 
mittence of the discharge.^ We may also infer the existence of 
the pressure thus caused from the experimental fact that the 
spectra of the same element obtained in different arcs display 
very considerable differences, which could be simply explained 
by the difference of the pressure prevailing in the different arcs. 

By analogy with the values found above for spark-gaps we 
should estimate this pressure to be from two to three atmospheres 
for an arc of 3 mm length and a current of about 2 amperes and 
1 10 volts. 

In conclusion, we beg to briefly revert to the result of this 
paper. It is the demonstration of a high pressure in the path of 

' See Lecher, Sitzungsberichte, 95, 1897 ; Cantor, Sitzungsberichte, 107, 1898. 
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he electric spark, which may be considered to be due to the 
metallic vapor thrown off from the electrodes. This explains 
how the pressure in the spark varies with the energy expended, 
as well as with the substance of the electrodes. A further result 
is the dependence of the phenomenon upon the pressure and 
nature of the surrounding gas. Finally, the arc light also shows 
a rise of pressure which points to an intermittence of the dis- 
charge. 
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PERIOD AND ELONGATION DISTANCE OF THE FIFTH SATEL- 
LITE OF JUPITER. 

The fifth satellite of Jupiter was measured by Professor Barnard 
with the 40-inch telescope on ^yt nights in March and April 1898. 
The elongation distances and the times of elongation have been deter- 
mined from the series of measures which proved to be best adapted for 
these purposes. The results for the several dates are : 

TIMES OF EAST ELONGATION.' 



m 



1898, March, 2^ I2*» 57.80 
1898, March, 6 12 36.11 



EAST ELONGATION DISTANCES. 



1898, March 6, 48.14* (A=5.2o) 

1898, April 5, 48.12 (A=5.2o) 

So far during the present year the satellite has been observed by 
Professor Barnard on four nights, two of which were especially favor- 
able for the determination of both the elongation time and the elonga- 
tion distance. The results for these dates are given below : 

TIMES OF EAST ELONGATION. 

1899, April, 25** 13** 5 .26™ 
1899, May, I 12 32.72 

EAST ELONGATION DISTANCES. 

1899, April 25, 48.34' (A=5.2o) 
1899, May I, 48.29 (A=5.2o) 

* The recorded times are six hours slow of Greenwich. 
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On both occasions the satellite was very well seen; 124 measures 
were made on April 15 and 130 on May i. The different values of 
the elongation distance are due to the revolution of the line of 
apsides, which, as Tisscrand has shown, takes place in a period of five 
months. 

The consistency with which measures of this difilcult object can be 
made with the great telescope is shown by the diagram, on which is 




MEASLRES OK THE FIFTH SATELLITE. 
May I, 1899. 

platted every individual measure made on May i. The large squares 
represent single seconds of arc (ordinates) and ten-minute intervals 
of time (abscissae). Each dot in the figure stands for a single setting 
of the wires, and none of the measures are excluded. 

The great number of revolutions of the satellite which have occurred 
since its discovery in 1892 enables its period to be determined with 
great accuracy. Using the observed east elongation of September 10, 
1892, and the east elongations of March 6, 1S98, April 25, 1899, and ■ 
May I, 1899, the following values result for the periodic time of the 
satellite: 
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PERIOD OF THE FIFTH SATELLITE. 

Revolutions 

1892, September 10 to March 6, 1898, P—\\^ 57° 22.652* 4020 
1892, September 10 to April 25,1899, 11 57 22.637 4853 

1892, September 10 to May 1,1899, 11 57 22.653 4865 



Mean 1 1*' 57" 22.647* 

The resulting mean period can hardly be in error more than o.oi*. 
This would correspond to an error in the prediction of the satellite's 
position of something like a minute of time in ten years. 

These observations, like many others which Professor Barnard has 
made, clearly illustrate the advantages which result from the use of the 
40-inch telescope in the measurement of faint and difficult objects. 

George E. Hale. 

May 13, 1899. 
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HEAT RADIATION OF THE STARS. 

In an important paper published in 1890' Professor C. V. Boys 
describes his unsuccessful attempts to detect heat radiations from the 
stars by means of an exceedingly delicate radiomicrometer used in con- 
junction with a 16-inch reflecting telescope. In spite of the fact that his 
apparatus was sensitive enough to show the heat equivalent to that of a 
candle i .7 1 miles away, no effect whatever could be obtained from Venus, 
Jupiter, Saturn, Mars, Arcturus, Capella, Vega, or any of the numerous 
bright stars observed. After discussing the earlier papers of Huggins' 
and Stone,^ Professor Boys concludes that the heating effects of stars, 
obtained many years ago by these observers with comparatively insen- 
sitive apparatus, were spurious. 

The work of Dr. E. F. Nichols, Professor of Physics in Dartmouth 
College, in perfecting the radiometer, and adapting it for the measure- 
ment of heat radiations, has placed astrophysicists in possession of an 
instrument which for certain purposes is superior to the radiomicrom- 
eter, bolometer, or most improved form of thermopile. In view of the 
remarkable sensitiveness of the radiometer and its suitability for stellar 
work, Professor Nichols was invited to make an attempt to detect 

* Proceeilin^s of the Royal Society, 47, 480, 1 890. 

^ I/fiiL, 17, 309, 1869. 3//;/;/., 18, 159, 1870. 
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stellar heat radiations with its aid at the Yerkes Observatory. The 
investigation was accordingly undertaken in July 1898. 

The experiments were made in the heliostat room of the Yerkes 
Observatory, where the radiometer, stably mounted upon a heavy pier, 
could be shielded from air currents and other sources of disturbance. 
The great steadiness of the reflected image of the scale, making it pos- 
sible to record deflections to tenths of a millimeter, was doubtless due 
to this arrangement. 

The radiometer, constructed by Professor Nichols especially for 
these experiments, essentially consists of a suspension system formed 
of two mica disks, each 2 mm in diameter, blackened on one face, and 
supported by a light cross-arm on either side of a thin glass staff, hung 
by an exceedingly fine quartz fiber in a partial vacuum. Both vanes 
were exposed to the radiation of the sky, at the focus of a silvered 
glass mirror of 24 inches aperture and 8 feet focus, made by Mr. 
G. W. Ritchey, Optician of the Yerkes Observatory. Rays from the 
star were reflected into the concave mirror by means of a siderostat' 
having a large plane mirror of silvered glass. After reflection at the 
concave mirror and also at the surface of a small flat fixed at an angle 
of 45*^ with the optical axis, the rays entered the radiometer through a 
fluorite window. 

With this apparatus a deflection of o.i mm would be given by a can- 
dle 15 miles away, assuming total reflection at the silvered surfaces 
and neglecting atmospheric absorption. When the Moon's image is 
made to fall on one of the vanes, the scale is instantly thrown out of the 
field of view. Professor Nichols* radiometer is about five times as 
sensitive as Boy*s radiomicrometer, and the area of his telescope 
mirror is 2.4 times that of the mirror used by Boys. In Professor 
Nichol's apparatus there is, however, one additional reflection. 

Seven determinations of the heat radiation of Arcturus, made on 
August 4, 5» 7, 8, 9, II, and 13, give a mean deflection of 0.60mm. Each 
evening's determination is the result of from 21 to 47 deflections, and 
the probable error of the corresponding means ranges from 0.08 mm 
to 0.17 mm. Vega was also observed on seven nights, and gave a mean 
deflection of 0.27 ram. The ratio of the heat radiation of Arcturus to 
that of Vega, determined on five nights, is 2.1, 2.0, 3.0, 2.3, i.o.' Mean 
2.1. These results are not corrected for atmospheric absorption. 
* Kindly loaned by the Allegheny Observatory. 

' Sky very hazy. 
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In all cases the observer was ignorant of the probable direction of 
the deflection, and other precautions were taken to avoid bias. The 
results appear to be trustworthy, and the probable errors are not 
greater than might be expected in such observations. In view of the 
smallness of the deflections, and the uncertainty which arises from 
rapid fluctuations in the atmosphere. Professor Nichols does not 
greatly rely upon the quantitative value of the results. They may 
fairly be considered to show, however, that we do not receive from 
Arcturus more heat than would reach us from a candle at a distance of 
five or six miles, no account being taken in the latter case of atmos- 
pheric absorption. 

George £. Hale. 
May 17, 1899. 



THE NEW ALLEGHENY OBSERVATORY. 

m 

A MOVEMENT to secure the erection of a new building, and to 
supply an adequate instrumental equipment for the Allegheny Obser- 
vatory, was inaugurated by Mr. J. A. Brashear over a year ago. Numer- 
ous subscriptions were made by friends of the Observatory, and the 
fund, although not yet complete, has grown to such proportions as to 
insure the success of the plan. Professor F. L. O. Wadsworth, until 
recently a member of the staff of the Yerkes Observatory, has been 
elected to the directorship. Plans for the building, which embody 
many novel and ingenious features, have been prepared by Professor 
Wadsworth, and are now in the hands of the architect. Special provision 
will be made for astrophysical investigations, which will form the prin- 
cipal work of the Observatory. The largest instrument will be a 
refracting telescope of 30 inches aperture, with object-glass by Brash- 
ear. A full account of the new Observatory will be published in a 
future number of this Journal. G. E. H. 
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